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Preface 
 

Over the last decades Doppler radar systems have been instrumental to improve our 
understanding and monitoring capabilities of phenomena and processes taking place 
in the low, middle, and upper atmosphere. Weather radars, wind profilers, and 
incoherent and coherent scatter radars implementing Doppler techniques are now 
used routinely both in research and operational applications by scientists and 
practitioners. This book brings together a collection of essays by international leading 
authors devoted to different applications of ground based Doppler radars. The target 
audiences are graduate students looking for an introduction to the field or 
professionals intending to refresh or update their knowledge. The book is organized in 
eighteen chapters grouped into six different sections. 

The first section deals with the use of Doppler radar in weather surveillance and is made 
up by three chapters. The first one gives a brief introduction to Doppler radar 
fundamentals and an overview of weather radar surveillance in the USA. The second one 
offers an updated description of operational processing systems used in severe weather 
monitoring, and the third chapter is focused on aviation applications of Doppler radars. 

The second section, devoted to precipitation estimation and very short range 
forecasting, or nowcasting, has four different chapters. In the first one a description of 
historical and current development of nowcasting techniques is given in detail, while 
the second chapter describes a specific implementation of rainfall estimates in Mexico. 
The third chapter includes a description of snowfall estimates and related applications 
in cold climates, and a fourth chapter details an innovative network of portable radars 
designed to improve precipitation estimates. 

Tropospheric wind and turbulence observations are the topic of the third section. In 
the first three chapters of this section readers will find several new methodologies 
developed in Japan and France to retrieve low level wind fields, along with an 
innovative approach to retrieve wind estimates with wind profilers. The section 
contains as well a chapter devoted to the complementary use of weather radar and 
lidar data to probe the atmospheric boundary layer. 

The fourth section covers three chapters related to quality control of weather radar 
data and related topics. The first chapter offers a comprehensive methodology applied 
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in Poland to control radar data used for quantitative applications, and the second one 
describes the effects of anomalous propagation conditions on radar observations. 
Finally a study developed in Sweden examines the effects of wind turbines on weather 
radars. 

The study of the ionosphere by Doppler radars with different techniques is covered in 
the fifth section, made up of two chapters. The first one covers the incoherent scatter 
technique, including recent improvements needed when the technique is applied to 
beams pointing perpendicular to the magnetic field. The second chapter presents 
advances in imaging aperture synthesis techniques applied to coherent echoes from 
ionospheric irregularities. Such techniques have been borrowed, improved, and 
adapted from the radio astronomy community. 

The sixth section includes two chapters presenting other advanced techniques of 
Doppler radars. The first one depicts the use of Doppler radar for volcanological 
applications, and the second one describes a tracking technique based on the use of 
moments. 

We finally would like to show our gratitude to all the contributing authors of this book 
for their eagerness and enthusiastic cooperation during the preparation and review of 
the chapters. We are particularly indebted to Dr Dusan Zrnic (National Severe Storms 
Laboratory, USA) and Professor David Hysell (Cornell University, USA) for their 
valuable suggestions and help with some chapter reviews. Last but not least we wish 
to thank our Intech editorial manager, Ms Marina Jozipovic, for her permanent 
assistance and professionalism. They all made this book possible and we sincerely 
hope that the readers will benefit from it. 

Joan Bech 
Department of Astronomy and Meteorology, University of Barcelona, 

Spain 

Jorge Chau 
The Jicamarca Radio Observatory, Institute of Geophysics of Peru, 

Peru 
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Doppler Radar and Weather Surveillance 
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Doppler Radar for USA Weather Surveillance  
Dusan S. Zrnic  

NOAA, National Severe Storms Laboratory 
USA 

1. Introduction 
Weather radar had its beginnings at the end of Word War II when it was noticed that storms 
clutter radar displays meant to reveal enemy aircraft. Thus radar meteorology was born. 
Until the sixties only the return power from weather tracers was measured which offered 
the first glimpses into precipitation structure hidden inside clouds. Possibilities opened up 
to recognize hail storms, regions of tornadoes (i.e., hook echoes), the melting zone in 
stratiform precipitation, and even determine precipitation rates at the ground, albeit with 
considerable uncertainty.  

Technology innovations and discoveries made in government laboratories and 
universities were quickly adopted by the National Weather Service (NWS). Thus in 1957 
the Miami Hurricane Forecast Center commissioned the first modern weather radar 
(WSR-57) the type subsequently installed across the continental United States. The radar 
operated in the 10 cm band of wavelengths and had beamwidth of about 2o. In 1974 more 
radars were added: the WSR-74S operating in the band of 10 cm wavelengths and WSR-
74C in the 5 cm band.  

Development of Doppler radars followed, providing impressive experience to remotely 
observe internal motions in convective storms and infer precipitation amounts. Thus 
scientists quickly discovered tell tale signatures of kinematic phenomena (rotation, storm 
outflows, divergence) in the fields of radial velocities.  

After demonstrable successes with this technology the NWS commissioned a network of 
Doppler radars (WSR-88D=Weather Surveillance Radars, year 1988, Doppler), the last of 
which was installed in 1997. Much had happened since that time and the current status 
pertinent to Doppler measurements and future trends are discussed herein.  

The nineties saw an accelerated development of information technology so much so that, 
upon installation of the last radar, computing and signal processing capabilities available to 
the public were about an order of magnitude superior to the ones on the radar. And 
scientific advancements were still coming in strong implying great improvements for 
operations if an upgrade in processing power were to be made. This is precisely what the 
NWS did by continuing infusion of the new technology into the system. Two significant 
upgrades have been made. The first involved replacement of the computer with distributed 
workstations (on the Ethernet in about 2002) for executing algorithms for precipitation 
estimation, tornado detection, storm tracking, and other. The second upgrade (in 2005) 
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brought in fully programmable signal processor and replaced the analogue receiver with the 
digital receiver. In 2009 the NWS started the process of converting the radars to dual 
polarization which should be accomplished by mid 2013.  

The number of radars used continuously for operations is 159 and there are two additional 
radars for other use. One is for supporting changes in the network brought by infusion of 
new science or caused by deficiencies in existing components (designated KCRI in Norman, 
OK). The evolution involves both hardware and software and the update in the former are 
typically made annually. The other (designated KOUN in Norman, OK, USA) is for research 
and development. Therefore its configuration is more flexible allowing experimental 
changes in both hardware and software.  

Conference articles and presentation about the WSR-88D and its data abound and there are 
few descriptions of its basic hardware. Very recent improvements are summarized by 
Saxion & Ice (2011) and a look into the future is presented in Ice & Saxion (2011). Yet only 
few journal articles describing the system have been published. The one by Heiss et al. 
(1990) presents hardware details from the manufacturer’s point of view. The paper by Crum 
et al. (1993) describes data and archiving and the one by Crum & Alberty (1993) contain 
valuable information about algorithms. The whole No. 2 issue of Weather and Forecasting 
(1998), Vol. 13 is devoted to applications of the WSR-88D with a good part discussing 
products that use Doppler information. A look at the network with the view into the future 
is summarized by Serafin & Wilson (2000).  

As twenty years since deployment of the last WSR-88D is approaching there are concerns 
about future upgrades and replacements. High on the list is the Multifunction Phased Array 
Radar (MPAR). At its core is a phased array antenna wherein beam position and shape are 
electronically controlled allowing rapid and adaptable scans. Thus, observations of weather 
(Zrnic et al., 2007) and tracking/detecting aircraft for traffic management and security 
purposes is proposed (Weber et al., 2007). Another futuristic concept is exemplified in 
proposed networks for Cooperative Adaptive Sensing of the Atmosphere (CASA) consisting 
of low power 3 cm wavelength phased array radars (McLaughlin et al., 2009).  

Very few books on weather radar have been written and most include Doppler 
measurements. Here I list some published within the last 20 years. The one by Doviak & 
Zrnic (2006) primarily concentrates on Doppler aspects and contains information about the 
WSR-88D. The book by Bringi & Chandrasekar (2001) emphasizes polarization diversity and 
has sections relevant to Doppler. Role of Doppler radar in aviation weather surveillance is 
emphasized in the book by Mahapatra (1999). The compendium of chapters written by 
specialists and edited by Meishner (2004) concentrates on precipitation measurements but 
has chapters on Doppler principles as well as application to severe weather detection. Radar 
for meteorologists (Rinehart, 2010) is equally suited for engineers, technicians, and students 
who will enjoy its easy writing style and informative content.  

2. Basic radar 
The surveillance range, time, and volumetric coverage are routed in practical considerations 
of basic radar capabilities and the size and lifetimes of meteorological phenomena the radar 
is supposed to observe. This is considered next. 
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2.1 Considerations and requirements for storm surveillance 

Table 1 lists the radar parameters with which the surveillance mission is supported. 
Discussions of the reasons behind choices in volume coverage and other radar attributes of 
the WSR-88D network, with principal emphasis on Doppler measurements, follows. 
 

Requirement Values 
Surveillance: 
Range 
Time 
Volumetric coverage 

 
460 km 
< 5 min  
hemispherical 

SNR > 0 dB, for Z= - 8 dBZ at r=50 km (exceeded by ~5 dB) 
Angular resolution 1o 
Range sampling interval: 
For reflectivity 
For velocity  

 
 Δr  1 km; 0 < r  230 km; Δr  2 km; r  460 km 
 Δr = 250 m 

Estimate accuracy: 
Reflectivity 
Velocity 
Spectrum width 

 
1 dB; SNR>10 dB; v = 4 m s-1 
1 m s-1; SNR> 8 dB; v = 4 m s-1 
1 m s-1; SNR>10 dB; v = 4 m s-1 

Table 1. Requirements for weather radar observations. 

2.1.1 Range  

Surveillance range is limited to about 460 km because storms beyond this range are usually 
below the horizon. Without beam blockage, the horizon’s altitude at 460 km is 12.5 km; thus 
only the tops of strong convective storms are intercepted. Quantitative measurements of 
precipitation are required for storms at ranges less than 230 km. Nevertheless, in the region 
beyond 230 km, storm cells can be identified and their tracks established. Even at the range 
of about 230 km, the lowest altitude that the radar can observe under normal propagation 
conditions is about 3 km. Extrapolation of rainfall measurements from this height to the 
ground is subject to large errors, especially if the beam is above the melting layer and is 
detecting scatter from snow or melting ice particles. 

2.1.2 Time 

Surveillance time is determined by the time of growth of hazardous phenomena as well as 
the need for timely warnings. Five minutes for a repeat time is sufficient for detecting and 
confirming features with lifetime of about 15 min or more. Typical mesocyclone life time is 
90 minutes (Burgess et al., 1982). Ordinary storms last tens of minutes but microbursts from 
these storms can produce dangerous shear in but a few minutes. Similarly tornadoes can 
rapidly develop from mesocyclones. For such fast evolving hazards a revisit time of less 
than a minute is desirable but not achievable if the whole three dimensional volume has to 
be covered. The principal driver to decrease the surveillance time is prompt detection of the 
tornadoes so that timely warning of their presence can be issued. Presently, the lead time for 
tornado warnings (i.e., the time that a warning is issued to the time the tornado does 
damage) is about 12 minutes (see Section 5).  
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2. Basic radar 
The surveillance range, time, and volumetric coverage are routed in practical considerations 
of basic radar capabilities and the size and lifetimes of meteorological phenomena the radar 
is supposed to observe. This is considered next. 
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2.1 Considerations and requirements for storm surveillance 

Table 1 lists the radar parameters with which the surveillance mission is supported. 
Discussions of the reasons behind choices in volume coverage and other radar attributes of 
the WSR-88D network, with principal emphasis on Doppler measurements, follows. 
 

Requirement Values 
Surveillance: 
Range 
Time 
Volumetric coverage 

 
460 km 
< 5 min  
hemispherical 

SNR > 0 dB, for Z= - 8 dBZ at r=50 km (exceeded by ~5 dB) 
Angular resolution 1o 
Range sampling interval: 
For reflectivity 
For velocity  

 
 Δr  1 km; 0 < r  230 km; Δr  2 km; r  460 km 
 Δr = 250 m 

Estimate accuracy: 
Reflectivity 
Velocity 
Spectrum width 

 
1 dB; SNR>10 dB; v = 4 m s-1 
1 m s-1; SNR> 8 dB; v = 4 m s-1 
1 m s-1; SNR>10 dB; v = 4 m s-1 

Table 1. Requirements for weather radar observations. 

2.1.1 Range  

Surveillance range is limited to about 460 km because storms beyond this range are usually 
below the horizon. Without beam blockage, the horizon’s altitude at 460 km is 12.5 km; thus 
only the tops of strong convective storms are intercepted. Quantitative measurements of 
precipitation are required for storms at ranges less than 230 km. Nevertheless, in the region 
beyond 230 km, storm cells can be identified and their tracks established. Even at the range 
of about 230 km, the lowest altitude that the radar can observe under normal propagation 
conditions is about 3 km. Extrapolation of rainfall measurements from this height to the 
ground is subject to large errors, especially if the beam is above the melting layer and is 
detecting scatter from snow or melting ice particles. 

2.1.2 Time 

Surveillance time is determined by the time of growth of hazardous phenomena as well as 
the need for timely warnings. Five minutes for a repeat time is sufficient for detecting and 
confirming features with lifetime of about 15 min or more. Typical mesocyclone life time is 
90 minutes (Burgess et al., 1982). Ordinary storms last tens of minutes but microbursts from 
these storms can produce dangerous shear in but a few minutes. Similarly tornadoes can 
rapidly develop from mesocyclones. For such fast evolving hazards a revisit time of less 
than a minute is desirable but not achievable if the whole three dimensional volume has to 
be covered. The principal driver to decrease the surveillance time is prompt detection of the 
tornadoes so that timely warning of their presence can be issued. Presently, the lead time for 
tornado warnings (i.e., the time that a warning is issued to the time the tornado does 
damage) is about 12 minutes (see Section 5).  
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2.1.3 Volumetric coverage  

The volume scan patterns currently available on the WSR-88D have maximum elevations up  
to 20° and many are accomplished in about 5 minutes. Meteorologists have expressed a 
desire to extend the coverage to higher elevations to reduce the cone of silence. It is fair to 
state that the 30o elevation might be a practical upper limit for the WSR-88D. Top elevations 
higher than 20o have not been justified by strong meteorological reasons.  

2.1.4 Signal to noise ratio 

The SNR listed in Table 1 provides the specified accuracy of velocity and spectrum width 
measurements to the range of 230 km for both rain and snowfall rates of about 0.3 mm of 
liquid water depth per hour. That is, at a range of 230 km the SNR is larger than 10 dB thus 
the accuracy of Doppler measurements to shorter ranges is independent of noise and solely 
a function of number of samples and Doppler spectrum width.  

2.1.5 Spatial resolution 

The angular resolution is principally determined by the need to resolve meteorological 
phenomena such as tornados and mesocyclones to ranges of about 230 km, and the practical 
limitations imposed by antenna size at wavelength of 0.1 m. Even though beamwidth of 1o 
provides relatively high resolution, the spatial resolution at 230 km is 4 km. Because the 
beam of the WSR-88D is scanning azimuthally, the effective angular resolution in the 
azimuthal direction is somewhat larger (Doviak & Zrnic, 2006, Section 7.8); typically, about 
40% at the 3 RPM scan rates of the WSR-88D. This exceeds many mesocyclone diameters, 
and thus these important weather phenomena, precursors of many tornadoes, can be 
missed. Tornadoes have even smaller diameters and therefore can not be resolved at the 230 
km range.  

The range resolution is indirectly influenced by the angular resolution; there is marginal 
gain in having range resolution finer than the angular one. For example better range 
resolution can provide additional shear segments and therefore improve detection of 
vortices at larger distance. The range resolution for reflectivity is coarser for two reasons: (1) 
reflectivity is principally used to measure rainfall rates over watersheds which are much 
larger than mesocyclones and (2) reflectivity samples at a resolution of 250 m are averaged 
in range (Doviak & Zrnic, 2006, Section 6.3.2) to achieve the required accuracy of 1 dB. 

2.1.6 Precision of measurements 

The specified 1 dB precision of reflectivity measurements (Table 1) provides about a 15% 
relative error of stratiform rain rate (Doviak & Zrnic, 2006, eq 8.22a). This has been accepted 
by the meteorological community. The specified precisions of velocity and spectrum width 
estimates are those derived from observations of mesocyclones with research radars. The 8 
dB SNR is roughly that level beyond which the precision of velocity and spectrum width 
estimates do not improve significantly (Doviak & Zrnic, 2006, Sections 6.4, 6.5). But, it is 
possible that lower precisions can be tolerated and benefits can be derived therefrom. For 
example, it has been proposed (Wood et al., 2001) that velocity estimates be made with less 
samples (e.g., by a factor of two) in order to improve the azimuthal resolution. Although 
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this increases the error of the Doppler velocity estimates by the square root of two, the 
improved angular resolution can increase the range, by about 50% (Brown et al., 2002 and 
2005), to which mesocyclones and violent tornadoes can be detected. Therefore in the 
recently introduced scanning patterns, the data (i.e., spectral moments) are provided at 0.5o 
increments in azimuth (Section 3.5). 

2.2 Radar operation 

The essence of the hardware (Fig. 1) is what radar operators see on the console. To the left of 
the data link (R,V,W,D) is the radar data acquisition (RDA) part consisting of the 
transmitter, antenna, microwave circuits, receiver, and signal processor. These components 
are located at radar site and data is transmitted to the local forecast office (LFO) where 
Radar Product Generation (RPG, Fig. 1) takes place. Operators at the LFO control (the block 
Control in Fig. 1) the radar and observe/analyze displays of data fields. At a glance of a 
console they can see the operating status of the radar and data flow. In the RPG the data is 
transformed into meteorologically meaningful information (Products in Fig. 1) by 
algorithms executed on Ethernet cluster of workstation.  

 
Fig. 1. Block diagram of the WSR-88D seen on the console of operators. 
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The radar is fully coherent pulsed Doppler and pertinent parameters are listed in Table 2 
(see also Doviak & Zrnic, 2006 page 47). Each radar is assigned a fixed frequency in the band 
(Table 2), hence some values like the beamwidth and unambiguous velocities (not listed) 
depend on the exact frequency.  
 

Frequency 
Beamwidth 
Antenna gain 

2.7 to 3 GHz 
1° 

44.5 to 45.5 dB  

Transmitter: 
 Pulse power 
 Pulse width 
 Rf duty cycle 
 PRFs (Hz, 5 sets of 8, variation ~3% ) 
 Unambiguous range (km) 

 
750 kW 
1.57 μs and 4.57 μs 
0.002 
322, 446, 644, 857, 1014, 1095, 1181, 1282 
466, 336, 233, 175, 148, 137, 127, 117 

Receiver linear: 
 Dynamic range  
 Intermediate frequency (IF) 
 A/D converter at IF 
 Sampling rate 
 Noise figure 

  
94 dB at 1.57 μs pulse and 99 dB at 4.57 μs  
57.6 MHz 
14 bits 
71.9 MHz 
-113 dBm at 1.57 μs and -118 dBm at 4.57 μs 

Filter bandwidth or type: 
 Front end analogue  
 IF Digital matched, short/long pulse 
 Radial spacing in azimuth 

 
6 MHz (3 dB bandwidth) 
Output samples spaced at 250 m/500m 
1o or 0.5o 

Table 2. Radar characteristics. 

The data coming out of the RDA consist of housekeeping (time, pointing direction of the 
antenna, status, operating mode, and fields of reflectivity factor, mean radial velocity, and 
spread of velocities (designated as R, V, W in the console, Fig. 1), collectively called 
spectral moments. A wideband communication link is used to exchange base data and 
radar status/control between RDA and RPG. Depending on distance this link is by direct 
wire (up to 120 m), microwave line-of-site (to 38 km), or telephone company T1 line 
(unlimited).  

Pulse of high peak power and narrow width (Table 2) generated at the output of the power 
amplifier is guided to the antenna. It is radiated in form of electromagnetic (EM) field 
confined within the narrow (1o) antenna beam. The propagating EM field interacts with 
intervening scatterers (precipitation, biological, and other). Part of the field is reflected 
forming a continuous stream at the antenna where it is intercepted and transformed for 
further processing by the receiver. Concise mathematical expression for the magnitude of 
the electric field at a distance r from the radar is 

 
1/2 ( , )     cos 2 ( / ),            
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where Pa is the power radiated by the antenna, r is the distance, ( , )f    is the antenna 
pattern function (one way voltage), η is the free space impedance (120π Ω), c speed of light, f 
radar frequency, and ψt arbitrary phase at the antenna. U(t-r/c) designates the pulse function 
such that it is 1 if its argument is between 0 and τ (the pulse width).  

2.2.1 Radar signal and Doppler shift 

The effective beam cross section and pulse width define the intrinsic radar resolution 
volume but processing by the receiver increases it in range. Scatterers (hydrometeors such 
as rain, hail, snow and also insects, birds etc.,) within the resolution volume contribute to 
the backscattered electric field which upon reception by the antenna is transformed into a 
microwave signal. The signal is converted to an intermediate frequency fif then passed 
through anti-alias filter (nominal passband ~ 14 MHz), digitized (as per Table 2), and down 
converted to audio frequencies (base band) for further processing.  

At intermediate frequency the signal coming from a continuum of scatterers can be 
represented as if( )cos( )dA t t t  where the amplitude A(t) fluctuates due to contribution by 
scatterers and ωd is the instantaneous Doppler shift caused by their motions toward (positive 
shift) and/or away (negative shift) from the radar. To determine the mean sense of motion 
(sign of Doppler shift) the intermediate frequency is removed and the signal is decomposed 
into its sinusoidal and cosinusoidal components, the inphase I and quadrature phase Q 
parts. These carry information about the number and sizes of scatterers as well as their 
motion. Samples of I and Q components are taken at consecutive delays with respect to the 
transmitted pulse. The delays are proportional to the range within the cloud from which the 
transmitted pulse is reflected. Samples from the same range locations (delays) are combined 
to obtain estimates of the spectral moments: reflectivity factor Z, mean Doppler velocity v, 
and spectrum width σv (Doviak & Zrnic, 2006). The Doppler velocity v is related to the 
frequency shift fd and wavelength λ via the Doppler equation  

 fd =2v/λ,   (2) 

and so is the spectrum width.  

Radars display (and store) equivalent reflectivity factor (often denoted with Ze) which is 
computed from the power and other parameters in the radar equation (Doviak & Zrnic 
2006) assuming the scatterers have refractive index of liquid water. For small (compared to 
wavelength) spherical scatterers, Ze expressed as function of the distribution of sizes N(D), 
equals 

 
max

6

0

( ) .
D

eZ N D D dD   (3) 

2.2.2 Processing path from signals to algorithms 

Top left part in Fig 2 illustrates the continuum of returns (either I or Q), after each 
transmitted pulse from 1,…to M. Thus M samples at a fixed range delay (double vertical 
line) are operated on in various ways to produce estimates. There are as many estimates 
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along range time as there are samples. That is, sample spacing is typically equal to pulse 
duration and therefore consecutive samples are almost independent. Closer sampling (i.e., 
oversampling) has some advantages (Section 4.2). 

Radials of spectral moments are transmitted to the RPG (a radial of velocities is in the top right 
part of Fig. 2). Spectral moments are displayed at Weather Forecast Offices, are recorded, and 
are also processed by algorithms to automatically identify hazardous weather features, 
estimate amounts of precipitation, and to be used in numerical models among other 
applications. Example displayed in Fig. 2 (right bottom) is the field of Doppler velocities 
obtained by the WSR-88D in Dove, North Carolina during the Hurricane Irene on Aug 28th, 
2011 at 2:29 UTC. The end range on the display is 230 km which is also the range up to which 
quantitative measurements are currently being made. Extension to 300 km is planned. 

 
Fig. 2. Information path from time series to output of algorithms. 

The radar is sufficiently sensitive to detect precipitation at much larger ranges where the 
beamwidth and observations high above ground mar quantitative interpretation of 
impending weather on the ground. At the elevation of 0.5o, the radar makes two scans: 
one with the longest PRT (3.1 ms) for estimating reflectivities unambiguously up to 465 
km in range, the other with one of the short PRTs to estimate unambiguously velocity 
over a sufficiently large span. The ambiguities in range and velocity are inherent to 
pulsed Doppler radars. Reflections from scatterers spaced by the unambiguous range (ra 
= cTs/2 where Ts is pulse repetition time) appear at the same delay with respect to the 
reference time (determined by the last of two transmitted pulse). Obvious increase in 
range can be made by increasing Ts. And this is fine for measurements of reflectivity but 
would harm measurements of velocity. At the 10 cm wavelength Doppler velocities are 
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estimated from the change in phase of the returned signal (Doviak & Zrnic 2006). Thus 
the WSR-88D is a phase sampling and measuring instrument. The change in phase of the 
return from one pulse to the next 2πfdTs is proportional to the Doppler velocity v as 
indicated in (2).  

If the phase change caused by precipitation is outside the – π to π interval it cannot be 
easily distinguished from the change within this interval. These limits define the 
unambiguous frequency fa =  1/(2Ts) and through the Doppler relation (2) the 
unambiguous velocity as 

 va=λ/(4Ts). (4)  

Scatterers do cause a Doppler shift within the pulse as it is propagating and reflecting, but 
this shift is very small and can not be measured reliably as the following argument 
demonstrates. Consider the τ = 1.57 μs pulse width (WSR-88D) and scatterers moving at 10 
m s-1 (36 km h-1). The corresponding Doppler frequency shift is 200 Hz (at 10 cm 
wavelength) and it produces a phase difference of 0.11o (2πfdτ) between the beginning and 
end of the pulse return. This tiny difference can not be measured with sufficient accuracy to 
yield useful estimate.  

To mitigate the ambiguity problem the WSR-88D has some options one of which is special 
phase coding and processing. The result is seen in Fig. 2 where the pink ring at 137 km 
indicates the unambiguous range for velocity measurements (see discussion in section 3.2.3); 
it represents censored data because the ground clutter from nearby range and weather 
signals from the second trip range are comparable in power and can not be reliably 
separated.  

Operators of the WSR-88D have at their disposal preprogrammed volume coverage patterns 
(VCP – see example in Fig. 2). These are consecutive scans starting from elevation of 0.5o and 
incrementing until a top elevation is reached. Most algorithms require a full volume scan to 
generate a product. The one in Fig. 2 (bottom left) reconstructs a vertical profile of Doppler 
velocities along a radial; the radar is located to the right and green colors indicate velocities 
toward the radar in 5 m s-1 increments starting with 0 (gray color). Cylindrical protrusion 
below 5 km in the middle with some velocities toward the radar (red color) is indicative of a 
tornado.  

3. Signal processing and display 
The block diagram (Fig. 3) of the WSR-88D radar is typical for pulsed Doppler radars. 
Essential components are the Frequency and Timing generator, the transmitter and the 
receiver. Radar and antenna controls are omitted from the figure. Intermediate frequency (if) 
on the radars is 57.6 MHz, and the local oscillator (lo) frequency is adjustable to cover the 
range between 2.7 and 3 GHz (the operating band, see Table 2). The power amplifier is a 
klystron. The transmit/receive switch is comprised of a circulator and additional devices to 
protect the receiver from the transmitted high power pulse. The low noise amplifier (LNA) 
has a noise figure ~ 0.8 dB and the receiver bandwidth is 6 MHz up to the input of the 
digital receiver. The digital receiver is a proprietary product of SIGMET Co (now Vaisala) 
and its essence is described next.  
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Fig. 2. Information path from time series to output of algorithms. 

The radar is sufficiently sensitive to detect precipitation at much larger ranges where the 
beamwidth and observations high above ground mar quantitative interpretation of 
impending weather on the ground. At the elevation of 0.5o, the radar makes two scans: 
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km in range, the other with one of the short PRTs to estimate unambiguously velocity 
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pulsed Doppler radars. Reflections from scatterers spaced by the unambiguous range (ra 
= cTs/2 where Ts is pulse repetition time) appear at the same delay with respect to the 
reference time (determined by the last of two transmitted pulse). Obvious increase in 
range can be made by increasing Ts. And this is fine for measurements of reflectivity but 
would harm measurements of velocity. At the 10 cm wavelength Doppler velocities are 
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estimated from the change in phase of the returned signal (Doviak & Zrnic 2006). Thus 
the WSR-88D is a phase sampling and measuring instrument. The change in phase of the 
return from one pulse to the next 2πfdTs is proportional to the Doppler velocity v as 
indicated in (2).  

If the phase change caused by precipitation is outside the – π to π interval it cannot be 
easily distinguished from the change within this interval. These limits define the 
unambiguous frequency fa =  1/(2Ts) and through the Doppler relation (2) the 
unambiguous velocity as 

 va=λ/(4Ts). (4)  

Scatterers do cause a Doppler shift within the pulse as it is propagating and reflecting, but 
this shift is very small and can not be measured reliably as the following argument 
demonstrates. Consider the τ = 1.57 μs pulse width (WSR-88D) and scatterers moving at 10 
m s-1 (36 km h-1). The corresponding Doppler frequency shift is 200 Hz (at 10 cm 
wavelength) and it produces a phase difference of 0.11o (2πfdτ) between the beginning and 
end of the pulse return. This tiny difference can not be measured with sufficient accuracy to 
yield useful estimate.  

To mitigate the ambiguity problem the WSR-88D has some options one of which is special 
phase coding and processing. The result is seen in Fig. 2 where the pink ring at 137 km 
indicates the unambiguous range for velocity measurements (see discussion in section 3.2.3); 
it represents censored data because the ground clutter from nearby range and weather 
signals from the second trip range are comparable in power and can not be reliably 
separated.  

Operators of the WSR-88D have at their disposal preprogrammed volume coverage patterns 
(VCP – see example in Fig. 2). These are consecutive scans starting from elevation of 0.5o and 
incrementing until a top elevation is reached. Most algorithms require a full volume scan to 
generate a product. The one in Fig. 2 (bottom left) reconstructs a vertical profile of Doppler 
velocities along a radial; the radar is located to the right and green colors indicate velocities 
toward the radar in 5 m s-1 increments starting with 0 (gray color). Cylindrical protrusion 
below 5 km in the middle with some velocities toward the radar (red color) is indicative of a 
tornado.  

3. Signal processing and display 
The block diagram (Fig. 3) of the WSR-88D radar is typical for pulsed Doppler radars. 
Essential components are the Frequency and Timing generator, the transmitter and the 
receiver. Radar and antenna controls are omitted from the figure. Intermediate frequency (if) 
on the radars is 57.6 MHz, and the local oscillator (lo) frequency is adjustable to cover the 
range between 2.7 and 3 GHz (the operating band, see Table 2). The power amplifier is a 
klystron. The transmit/receive switch is comprised of a circulator and additional devices to 
protect the receiver from the transmitted high power pulse. The low noise amplifier (LNA) 
has a noise figure ~ 0.8 dB and the receiver bandwidth is 6 MHz up to the input of the 
digital receiver. The digital receiver is a proprietary product of SIGMET Co (now Vaisala) 
and its essence is described next.  
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Fig. 3. Block diagram of the receiver (without signal processing part) and the transmitter. 

3.1 Digital receiver  

The analogue signal if( )cos( )dA t t t   is sampled at a rate of 71.9 MHz producing a 
stream (time ti) of 14 bit numbers. These are multiplied (Fig. 4) with sin(ωifti) and cos(ωifti) 
and digitally filtered to obtain the base band I and Q components (at times tk). Although 
the nominal short pulse duration is 1.57 μs same as sample spacing in range, 155 samples 
spaced at ~ 13.8 ns over 2.15 μs interval are used for multiplication and filtering (in the 
long pulse mode the number of samples is 470 over a 6.53 μs interval). The digital low 
pass filter is adjusted to match the shape of the transmitted long or short pulse. Matching 
is achieved by passing the attenuated transmitted pulse (”burst”) through the receiver 
and taking the discrete Fourier transform of the output. The inverse of this transform 
gives the coefficients of the matched impulse response filter. Amplitude and phase of the 
“burst” is sampled upon each transmission to monitor power, compensate for phase 
instabilities, and use in phase codes for mitigating range ambiguities. The timing diagram 
(Fig. 5) illustrates the relations between transmitted sequence, digital oscillator samples, 
the sampled sequence from a point scatterer and its I and Q values (after the matched 
filter).  

3.2 Transmitted sequences and volume scans  

Several volume coverage patterns are available. With the exception of one all utilize the 
short pulse. The exception has a uniform sequence of long pulses at the longest PRT for 
observations in clear air or snow where weak reflections are from insects, birds, ice and/or 
refractive index fluctuations. For storm observations the volume coverage patterns have 
three distinct modes depending on the elevation. 
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Fig. 4. Conceptual diagram of the digital receiver and down converter indicating the 
essential operations. The dashed vertical line shows where digital processing begins. 

 
Fig. 5. Conceptual timing diagram of processes in the digital receiver. The return signal is 
assumed to be sinusoidal pulse such as would be produced by a single point scatterer. 

3.2.1 Lowest elevation scans  

At the lowest two (sometime three) elevations (< 1.6o) two consecutive scans at each 
elevation are made. For surveillance and reflectivity measurement the longest PRT is used 
so that the unambiguous range is ~460 km. It is followed by one or more of the higher PRTs 
for measurement of Doppler velocity and spectrum width whereby the unambiguous 
velocity interval is larger than ~ 20 m s-1. Thus Doppler estimates can be ambiguous and 
overlaid in range. To determine the location of the Doppler estimates, powers along the 
radial at the same azimuth but in the surveillance scans are examined. The echoes from 
ranges spaced by nPRTc/2 of the Doppler scan, where n is 1, 2, 3, 4, can be overlaid in the 
Doppler scan; the echo for n=1 is said to come from the first trip because it corresponds to 
the round trip shorter than the separation between consecutive pulses. Powers from 



Doppler Radar Observations –  
Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications 

 

12

 
Fig. 3. Block diagram of the receiver (without signal processing part) and the transmitter. 

3.1 Digital receiver  

The analogue signal if( )cos( )dA t t t   is sampled at a rate of 71.9 MHz producing a 
stream (time ti) of 14 bit numbers. These are multiplied (Fig. 4) with sin(ωifti) and cos(ωifti) 
and digitally filtered to obtain the base band I and Q components (at times tk). Although 
the nominal short pulse duration is 1.57 μs same as sample spacing in range, 155 samples 
spaced at ~ 13.8 ns over 2.15 μs interval are used for multiplication and filtering (in the 
long pulse mode the number of samples is 470 over a 6.53 μs interval). The digital low 
pass filter is adjusted to match the shape of the transmitted long or short pulse. Matching 
is achieved by passing the attenuated transmitted pulse (”burst”) through the receiver 
and taking the discrete Fourier transform of the output. The inverse of this transform 
gives the coefficients of the matched impulse response filter. Amplitude and phase of the 
“burst” is sampled upon each transmission to monitor power, compensate for phase 
instabilities, and use in phase codes for mitigating range ambiguities. The timing diagram 
(Fig. 5) illustrates the relations between transmitted sequence, digital oscillator samples, 
the sampled sequence from a point scatterer and its I and Q values (after the matched 
filter).  

3.2 Transmitted sequences and volume scans  

Several volume coverage patterns are available. With the exception of one all utilize the 
short pulse. The exception has a uniform sequence of long pulses at the longest PRT for 
observations in clear air or snow where weak reflections are from insects, birds, ice and/or 
refractive index fluctuations. For storm observations the volume coverage patterns have 
three distinct modes depending on the elevation. 

 
Doppler Radar for USA Weather Surveillance 

 

13 

 
Fig. 4. Conceptual diagram of the digital receiver and down converter indicating the 
essential operations. The dashed vertical line shows where digital processing begins. 

 
Fig. 5. Conceptual timing diagram of processes in the digital receiver. The return signal is 
assumed to be sinusoidal pulse such as would be produced by a single point scatterer. 

3.2.1 Lowest elevation scans  

At the lowest two (sometime three) elevations (< 1.6o) two consecutive scans at each 
elevation are made. For surveillance and reflectivity measurement the longest PRT is used 
so that the unambiguous range is ~460 km. It is followed by one or more of the higher PRTs 
for measurement of Doppler velocity and spectrum width whereby the unambiguous 
velocity interval is larger than ~ 20 m s-1. Thus Doppler estimates can be ambiguous and 
overlaid in range. To determine the location of the Doppler estimates, powers along the 
radial at the same azimuth but in the surveillance scans are examined. The echoes from 
ranges spaced by nPRTc/2 of the Doppler scan, where n is 1, 2, 3, 4, can be overlaid in the 
Doppler scan; the echo for n=1 is said to come from the first trip because it corresponds to 
the round trip shorter than the separation between consecutive pulses. Powers from 



Doppler Radar Observations –  
Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications 

 

14

locations spaced by nPRTc/2 are compared to determine the correct range of the Doppler 
estimates and presence of overlaid echoes. If one of the overlaid powers is larger than user 
specified threshold (typically 5 dB) the corresponding Doppler spectral moment is assigned 
to the correct range whereas the values at location of the other overlaid echoes are censored. 
If the powers are within 5 dB, the variables at all locations where the overlay is possible are 
censored. Because the Doppler spectral moments are computed and recorded only to the 
distance of at most twice the unambiguous range the censoring is also done to that distance.  

There is a special VCP (Zittel et al., 2008) with three scans at same elevation on five 
consecutive lowest elevations whereby velocities from three PRFs (No. 4, 6, and 8 in table 2) 
are combined to increase the va and display it up to the distance of 175 km. 

3.2.2 Scans at mid and high elevations 

At elevations between 1.6o and 7o a “batch” sequence is transmitted. It is a dual PRF in 
which the first few (3 to 12) pulses are at the lowest PRF and the rest (between about 25 and 
90) are transmitted at one of the four highest PRFs (shortest PRTs, Table 2). The lowest PRF 
pulses are for surveillance, reflectivity measurements, and censoring and assignment of 
range to Doppler spectral moments; just the same as in the lowest scans. To improve 
accuracy of the reflectivity estimates powers from the Doppler sequence (high PRF) are 
included in the averaging provided there is no contamination by overlaid echoes. Beyond 7o 
elevation uniform PRTs are transmitted because the tops of storms at locations where 
overlay can occur are below the radar beam. 

3.2.3 Phase coding  

To mitigate range overlay some volume scanning patterns at the lowest elevations (<2o) 
have transmitted sequences encoded with the SZ(8/64) phase code (Sachidananda & Zrnic, 
1999). The concept is depicted in Fig. 6 and explained in the caption. The prescribed phases 
Ψk (i.e., switching phases) are applied to the transmitted pulses. Formally this is represented 
by multiplication of the sequence with the switching code ak = exp(jΨk). The first trip return 
signal is made coherent by multiplying it with the conjugate *

ka  = exp(-jΨk). With this 

multiplication the 2nd trip signal is phase modulated by the code *
1k k kc a a . The 2nd trip can 

be made coherent by multiplying the incoming sequence with ak-1*, in which case the 1st trip 
signal is modulated by the code ck*. The code, ak is designed such that the modulation code ck 
has a phase shift given by 2

1 8 /64k k k k     . The special property of this code is that 
its autocorrelation is unity for lags in multiples of 8 (lags 8n; n=0,1,2,...), and is zero for all other 
lags. Therefore the power spectrum has only 8 non-zero coefficients separated by M/8 
coefficients. The SZ(8/64) switching code is given by 

 2

0
exp[ ( /8)];     0,1,2...63.

k

k
m

a j m k


     (5)  

It has periodicity of 32 hence the number of samples M must be an integer multiple of 32. From 
(5) it is obvious that the phase sequence consists of a binary sub multiple of 360o hence it is 
generated without round-off errors using standard binary phase shifters. Because the 
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desired phase and actual phase might not be exactly equal, the transmitted phase is sampled 
and used in processing to precisely cohere the signal from the desired trip.  

 
Fig. 6. Transmitted pulse sequence (vertical color lines) and the corresponding received 
powers (wiggly curves). The phases of the transmitted pulses are indicated and indexed 
from -1 to 3. The location of overlay at one fixed range is indicated by two black vertical 
lines. The phases of the received signals from the first and second trip are indicated as well 
as the phase of the second trip signal after subtracting (correcting) the phase of the first trip. 

In case of overlaid echoes the phase coding allows separation of the contributions by the first 
and second trip signals. This is accomplished by first cohering (correcting) the phases of the 
stronger echo, then filtering it out. For example if first trip is cohered the second trip signal 
spectrum (complex with magnitudes and phases) is split into eight replicas over the 
unambiguous interval. Then frequency domain filtering of the first (strong) trip signal with a 
notch centered on its spectrum and having a width of ¾ unambiguous interval leaves two 
spectral replicas of the second trip signal spectrum. From these replicas it is possible to 
reconstruct the second trip spectrum and compute spectral moments. It turns out that cohering 
for the first trip signal induces 4 spectral replicas in the third trip signal and again eight replicas 
into the fourth trip signal; the fifth trip signal has two replicas and can not be recovered.  

Determination of the ranges where overlaid echoes might be is made using powers from the 
surveillance scan (long PRT) which precedes the Doppler scan (phase coded short PRT). The 
overlay trip number and powers are needed to make proper cohering-recohering order and 
notch filter application. In case ground clutter is present Blackman window is applied to 
time series data and clutter is taken out with a special frequency domain filter (Sec 3.3). If 
there is no clutter contamination but overlaid echoes are present the von Hann window is 
chosen. An example of Doppler velocity fields obtained with the SZ(8/64) phase code is in 
Fig. 7 (left side). The same field obtained by processing and censoring with no phase coding 
is also plotted (right side); note the large pink area in the second trip region indicative of 
non recoverable velocities. Small pink areas in the first trip region (SE of radar) signify that 
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locations spaced by nPRTc/2 are compared to determine the correct range of the Doppler 
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desired phase and actual phase might not be exactly equal, the transmitted phase is sampled 
and used in processing to precisely cohere the signal from the desired trip.  

 
Fig. 6. Transmitted pulse sequence (vertical color lines) and the corresponding received 
powers (wiggly curves). The phases of the transmitted pulses are indicated and indexed 
from -1 to 3. The location of overlay at one fixed range is indicated by two black vertical 
lines. The phases of the received signals from the first and second trip are indicated as well 
as the phase of the second trip signal after subtracting (correcting) the phase of the first trip. 

In case of overlaid echoes the phase coding allows separation of the contributions by the first 
and second trip signals. This is accomplished by first cohering (correcting) the phases of the 
stronger echo, then filtering it out. For example if first trip is cohered the second trip signal 
spectrum (complex with magnitudes and phases) is split into eight replicas over the 
unambiguous interval. Then frequency domain filtering of the first (strong) trip signal with a 
notch centered on its spectrum and having a width of ¾ unambiguous interval leaves two 
spectral replicas of the second trip signal spectrum. From these replicas it is possible to 
reconstruct the second trip spectrum and compute spectral moments. It turns out that cohering 
for the first trip signal induces 4 spectral replicas in the third trip signal and again eight replicas 
into the fourth trip signal; the fifth trip signal has two replicas and can not be recovered.  

Determination of the ranges where overlaid echoes might be is made using powers from the 
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overlay trip number and powers are needed to make proper cohering-recohering order and 
notch filter application. In case ground clutter is present Blackman window is applied to 
time series data and clutter is taken out with a special frequency domain filter (Sec 3.3). If 
there is no clutter contamination but overlaid echoes are present the von Hann window is 
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overlaid powers of first and second trip signals are within 10 dB and hence velocities can not 
be confidently recovered. There is a narrow pink ring of censored data in the image where 
phase code is applied. The beginning range of the ring is at the start of the second trip (175 
km) and is caused by automatic receiver shut down during transmission followed by the 
strong first trip ground clutter overwhelming the weaker second trip signal.  

 
Fig. 7. Fields of Doppler velocities. Left: obtained from phased coded sequence. Right: 
obtained from non coded sequences. Elevation is 0.5o, the unambiguous velocity va= 23.7 m 
s-1 and range ra = 175 km. Data were collected on 10/08/2002 with the research WSR-88D 
(KOUN). The color bar indicates velocities in m s-1. (Figure from Torres et al., 2004c). 

3.3 Ground clutter filter  

The ground clutter filter implemented on the network is a frequency domain filter with 
interpolation over the removed clutter spectral coefficients. The filter called Gaussian Model 
Adaptive Processing (GMAP) has been developed by Siggia and Passarelli (2004). Its first 
premise is: clutter has a Gaussian shape power spectrum with width linearly related to the 
antenna rotation rate; hence the width can be computed. The second is the signal spectrum 
has also Gaussian shape and has width larger than clutter’s. The Blackman window is 
applied followed by Fourier transform. Receiver noise is externally provided to the filter 
and used to establish the spectral noise level which helps determine how many spectral 
coefficients either side of zero to remove (Fig. 8, blue peak is from ground clutter). The 
removed coefficients are replaced (iteratively) with a Gaussian curve obtained from Doppler 
moments and the spectrum of the weather signal (dotted curve) is restored. Then the inverse 
discrete Fourier transform is performed to obtain the autocorrelation at lag 1. The argument 
of the autocorrelation is linearly related to the mean Doppler velocity (see section 3.4). 

Several options exist to decide where to filter clutter. One relies on the clutter map to locate 
azimuths and ranges. It is also possible but undesirable to apply clutter filter everywhere. 
The operators can select regions between azimuths and ranges where to turn the filter on. 
Recently an adaptive algorithm called Clutter Mitigation Decision has been implemented 
(Hubbert et al., 2009). It uses coherency of the clutter signal exemplified in what the authors 
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call Clutter Phase Alignment (CPA) defined as CPA=|sumVk|/sum|Vk|, where Vk is the 
complex voltage (I + j Q) from a fixed clutter location at consecutive times (spaced by the 
PRT) indicated by time index k and the sum is over the total number of pulses in the dwell 
time. Local standard deviation (termed texture) of reflectivity factor Zi in range (i index 
indicates adjacent values in range) and changes in sign of the differences Zi+1 - Zi are also 
used; the frequency of change in reflectivity gradient along range is obtained from this 
difference and it defines the spin variable. The CPA, texture, and spin are combined in a 
fuzzy classification scheme to identify locations where clutter filter should be applied.  

 
Fig. 8. Doppler spectrum of simulated weather signal (red) and clutter (blue). Interpolated 
(filtered) Gaussian part and estimated noise level are shown. The va=32 m s-1. (Figure as in 
Torres et al., 2004c). 

The GMAP filter and censoring (Free & Patel, 2007) is applied to surveillance and Doppler 
scans. In the “batch” mode the number of samples is insufficient for spectral processing 
hence the average voltage (i.e., DC) from the samples spaced by the long PRT is removed.  

The system also employs strong point clutter (typically caused by aircraft) removal along 
radials. It is done on each spectral moment independently by comparing the sample power 
with two adjacent values either side of it. If the value is outside prescribed criteria it is 
replaced by interpolation of neighboring values.  

3.4 Computation of spectral moments  

In computations of Z and σv receiver noise powers are subtracted from the returned powers. 
Thus, the receiver noise power is estimated at the end of each volume scan at high elevation 
angle. The noise depends on the elevation angle because contributions from ground 
radiation and air constituents are larger if the beam is closer to the ground. To account for 
the increase the noise is extrapolated to lower elevations using empirical relations.  

The reflectivity factor is obtained by summing the pulse powers, subtracting the noise 
power, and using the radar equation (Doviak & Zrnic, 2006). At the lowest few elevations Z 
is computed from the long PRT (surveillance scan). At mid elevations (“batch mode”) the 
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reflectivity is computed from both the long and short PRTs if no overlay is indicated; 
otherwise only samples from the surveillance scan (long PRT) are used.  

Computation of Doppler variables starts with the discrete Fourier transform. In absence of 
clutter, time series data is equally weighted (uniform window) and the power spectrum 
estimate (at some range location) is 
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The discrete inverse Fourier transform applied to (6) produces the value of circular 
autocorrelation function at lag 1 (i.e., Ts) which contains one erroneous term, namely the 
product of first and last member of the time series (Torres et al., 2007). This term is 
subtracted so that the autocorrelation at lag one (i.e., Ts) becomes 
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and the mean velocity estimate comes out to be (Doviak & Zrnic, 2006. eq 6.19) 
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But, if the logarithm term is negative ˆv  is set to zero. In case of phase coding and presence 
of overlaid echoes equation (9) is used for the weaker signal in the surveillance scan (long 
PRT). The spectrum width of the strong signal is computed for the Doppler scan using the 
ratio ˆ ˆ(1) / (2)R R  as in Doviak & Zrnic (2006, eq. 6.32), because it is not biased by presence of 
the weak signal.  

3.5 Oversampling in azimuth (overlapping radials)  

Until recent upgrades all VCPs had spacing of radials at 1o azimuth and reflectivities were 
averaged and recorded at 1 km range intervals but velocities retained inherent spacing of 
250 m (Table 1). Newly added VCPs employ a strategy whereby at the lowest two elevations 
time series data from overlapping (in azimuth) beams are processed to produce spectral 
moments. Thus data obtained over one degree azimuth are weighted with the von Hann 
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window and so are data from the adjacent azimuth centered 0.5o off from the previous. This 
produces more radials of data (spaced by 0.5o as opposed to 1o) increasing resolution to 
facilitate recognition of small phenomena such as tornado vortices (Brown et al., 2002, and 
2005). The contrast between the routine and enhanced resolution of a tornado vortex 
signature is evident in the example in Fig. 9. The reflectivity field (top figures in dBZ as 
indicated by the color bars) displays a “hook echo” associated with low level circulation. 
The crisp pattern (top right) is the result of the enhanced resolution.  

The velocity field (bottom in Fig. 9) displays three circular features (“balls”) in its center: the 
lighter green and red adjacent to it in azimuth indicate cyclonic circulation (mesocyclone). 
Its diameter is about four km and it is estimated from the distance between maximum 
inbound (green) and outbound (red) velocities. The sharp discontinuity in the center (light 
green ~ -30 m s-1 to > 30 m s-1) is the tornado vortex signature (TVS). The transition between 
the red “ball” and the green one farther in range marks the zero radial velocity suggesting 
converging flow (i.e., red and green velocities pushing air toward each other) near ground. 
Bottom right: same as in the left but the resolution in azimuth is enhanced to 0.5o. The TVS is 
better defined and so are other small scale features.  

 
Fig. 9. Top Left: Z, resolution 1 km x 1o. Right: resolution 250 m x 0.5o. Bottom Left: V field, 
resolution 250 m x 1o. Right: resolution 250 m x 0.5o. X, Y sizes are 25 by 20 km; radar is at x= 
4 km and y = -25 km with respect to each image left corner. (Courtesy, S. Torres).  
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4. Near term enhancements 
Currently a significant transformation of the radars is ongoing; it is addition of dual 
polarization (Zrnic et al., 2008). By mid 2013 all radars on the network should have this 
capability. Although Doppler capability is not a prerequisite for dual polarization, the 
coherency of transmit-receive signals within one PRT is for differential phase measurement. 
Dual polarization offers ample possibilities for application of spectral analysis to 
polarimetric signals and these are being explored (e.g., to discriminate between insects and 
birds, Bachman & Zrnic, 2007; to suppress ground clutter, Unal, 2009; or to achieve adaptive 
clutter and noise suppression, Moisseev & Chandrasekar, 2009).  

Three improvements approved for soon inclusion on the network are pending. These are 
staggered PRT, processing of range oversampled signals, and adaptive recognition and 
filtering of ground clutter. Brief description follows.  

4.1 Staggered PRT 

It is planned for mitigating range velocity ambiguities at mid elevation angles with possible 
use at the lower elevations. The scheme consists of alternating interval between transmitted 
pulses (Fig. 10) and estimating arguments of two autocorrelations at the two lags, arg[R(T1)] 
and arg[R(T2)]. The velocities estimated from these arguments have a different 
unambiguous interval (each inversely proportional to the corresponding separation Ti, i=1 
or 2) as can be deduced from eq. (8). Therefore the difference of the velocities uniquely tags 
the proper unambiguous interval for either PRT so that correct dealiasing can be achieved 
(Torres et al., 2004a) up to larger va than possible with only one of these PRTs . For the 
example in Fig. 10, va = 3va2 = 2va1. Consider T1=1 ms T2=1.5 ms which produces va = 50 m s-1 

(unambiguous interval is -50 to 50 m s-1) and unambiguous range of at least 150 km.  

 
Fig. 10. Staggered PRT. The stagger ratio T1/T2 = 2/3. The continuous curve depicts the 
return from precipitation extending up to cT2/2 but not further (from Torres et al., 2009 and 
adapted from Sachidananda & Zrnic, 2003). 

Power estimates in range sections I, II, and III (Fig.10) are computed separately for the short 
PRT and the long PRT to check if data censoring is needed. Comparison of powers in the 
two PRT intervals indicates if there is overlay and how severe it is so that appropriate 
censoring can be applied. In Fig. 11 contrasted are two fields of velocities obtained with two 
radars (spaced about 20 km apart). The left field comes from the operational WSR-88D in 
Oklahoma City and was obtained with the “batch mode” and parameters as indicated. On 
the right is the same storm complex but obtained with staggered PRT on the research WSR-
88D radar in Norman OK some 20 km SSW from Oklahoma City. Highlighted in yellow 
circles are regions where significant aliasing occurs on the operational radar (exemplified by 
abrupt discontinuities in the field, change from red to green) but are absent in the field from 
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the research radar. Also, the large pink area of overlaid echoes has almost disappeared in 
the measurement made utilizing the staggered PRT. The small circle closest to the radar 
origin indicates overlaid echo contaminating the first trip velocities of the operational radar.  

 
Fig. 11. Velocity fields of a storm system. Left: field obtained with the operational WSR-88D 
radar in Oklahoma City on April 06, 2003, elevation 2.5 deg, batch mode with unambiguous 
range of 148 km and velocity of 25.4 m s-1. Pink regions locate censored velocities which can 
not be reliably recovered due to overlaid first and second trip echoes. Right: same as on the 
left but obtained with the research WSR-88D (KOUN) utilizing staggered PRT. This radar is 
about 20 km south from the operational radar. The color bar indicates velocities (m s-1), red 
away from and green toward the radar. (Figure adapted from Torres et al., 2003). 

4.2 Oversampling techniques  

Oversampling here indicates spacing of I, Q samples smaller than the pulse duration. 
Operations on few of these range consecutive “oversamples” can reduce error in estimates 
and/or data acquisition time (Torres & Zrnic, 2003). Simplest of operations is averaging in 
range of oversampled spectral moments. Somewhat more involved is the whitening 
transformation in which the signal vector v = [V(m,0), V(m,1),... V(m, l),....V(m, L)] consisting 
of L oversampled correlated complex voltages is transformed into a set of L orthogonal 
voltages (Torres & Zrnic, 2003). The time index m refers to the usual sample time and l to the 
oversampled range time. The transformation takes the form x = H-1 v with H related to the 
normalized correlation matrix C of v via C=H*HT. The correlation matrix can be pre-
computed (or measured e.g., Ivic et al., 2003) because it depends solely on the envelope of 
the transmitted pulse and the baseband equivalent receiver filter shape for a uniform Z. The 
L transformed samples are independent and averaging of spectral moments obtained from 
each (in absence of noise) yields smaller error of estimates. Whitening is effective at large 
SNRs but fails otherwise. To achieve L independent samples the receiver filter bandwidth 
needs to be increased L times over the matched filter bandwidth and this enhances the noise 
by the same factor. In addition the whitening transformation also increases the noise hence 
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the net SNR reduction is proportional to L2. Practical L is about 3 to 6, so the decrease is not 
catastrophic considering that weather SNRs are mostly larger than 20 dB. Another issue 
concerning whitening is the shape of the range weighting function compared to the matched 
filter. The two weighting functions have the same range extent but the one from whitening 
has rectangular shape smearing slightly its range resolution.  

Increasing the number of independent samples when it is advantageous and gradually 
reverting to the matched filter has also been proposed (Torres et al. 2004b) and implemented 
(Curtis & Torres, 2011) on the National Weather Radar Testbed (NWRT), a phased array 
radar antenna powered by a WSR-88D transmitter (Zrnic et al., 2007). The processing is 
called adaptive pseudowhitening. It requires initial estimates of SNR and spectrum width.  

Vivid example contrasting adaptive pseudowhitening to standard processing illustrates the 
much smoother fields obtained with the former (see Fig.12, and caption). The gradient of 
Doppler velocities (indicated with an arrow) is at the interface of the storms outflow and the 
environmental flow. This type of discontinuity is the key feature detected by algorithms for 
locating gust fronts and quantifying wind shear across the boundary; such information is 
extremely useful for air traffic management and safety at airports.  

In contrast to whitening techniques pulse compression does not degrade the SNR (Doviak 
and Zrnic, 2006) but is not considered due to excessive bandwidth and current hardware 
constraints. A very simple alternative to speed volume coverage at lowest elevations (where 
tornadoes are observed) is a VCP with adaptive top elevation angle based on radar 
measurements (Chrisman et al., 2009). It will soon be added to the VCPs on the network.  

4.3 Clutter detection and filtering 

A novel way to recognize and filter ground clutter is planned. Its acronym CLEAN-AP 
stands for clutter environment analysis using adaptive processing (Warde & Torres, 2009). 
The essence of the technique is spectral analysis (decomposition) of the autocorrelation at 
lag 1 and use of its phase at and near zero Doppler shift. The conventional estimate  
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where Z(k) is the discrete Fourier transform of the returned signal, is biased (indicated by 
subscript b) and can be unbiased as in (7). Another way to avoid the bias is by computing 
two Fourier transform as proposed by (Warde & Torres 2009). One, Z0(k) is the complex 
spectrum of d(m)V(m), d(m)=window function, and the other Z1(k) is the spectrum of 
d(m)V(m+1) from the sequence shifted in time by one unit (Ts). Then the unbiased estimate is  
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Individual terms *
1 0 1( ) ( ) ( )S k Z k Z k  constitute the spectral density (over Doppler index k) of 

the lag 1 autocorrelation function. Thus the autocorrelation spectral density is estimated in 
CLEAN-AP from the cross spectrum.  
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Fig. 12. Fields of reflectivity and velocity from a severe storm obtained on 2 Apr 2010 10:54 
UTC, with the phased array radar (NWRT) in Norman, OK. Top two panels resulted for 
pseudowhitening applied to L = 4 samples of time series data; the number of samples M per 
radial was 12 for Z and 26 for v. Data in the lower panels have been obtained by processing 
as on the WSR-88D (16 for Z and 64 for v). The curved discontinuity in the velocity field 
delineates outflow boundary (gust front) generated by this storm. The peak reflectivity 
values of ~ 65 dBZ are likely caused by hail. (Adapted from Curtis & Torres, 2011). 
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Fig. 12. Fields of reflectivity and velocity from a severe storm obtained on 2 Apr 2010 10:54 
UTC, with the phased array radar (NWRT) in Norman, OK. Top two panels resulted for 
pseudowhitening applied to L = 4 samples of time series data; the number of samples M per 
radial was 12 for Z and 26 for v. Data in the lower panels have been obtained by processing 
as on the WSR-88D (16 for Z and 64 for v). The curved discontinuity in the velocity field 
delineates outflow boundary (gust front) generated by this storm. The peak reflectivity 
values of ~ 65 dBZ are likely caused by hail. (Adapted from Curtis & Torres, 2011). 
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Fig. 13. Autocorrelation spectral density (ASD) of a radar return, top: magnitude and 
bottom: phase. Clutter is well defined with its peak at zero and flat phase (red). Based on 
this phase five coefficients are replaced with interpolated values resulting in 14.4 dB of 
suppression (defined as the ratio of total S+C power to remaining power). Interpolated 
powers are indicated by the dotted line; dash line represents linear phase; va= 27 m s-1. Data 
obtained with the phased array radar (NWRT). (Figure courtesy of Sebastian Torres). 

The choice of window function d(m) is very important because its sidelobes limit the amount 
of power that can be filtered. The clutter power is computed from the sum of V(m) to obtain 
the clutter to noise ratio (CNR). Then the CNR is compared with the peak to first sidelobe 
level (PSw) ratio of four windows (w=rectangular, von Hann, Blackman, and Blackman-
Nuttall) and the window whose PSw exceeds the CNR by the smallest amount is chosen. 
That way the leakage of the clutter signal away from zero will be below the noise level, 
while the notch width will be smaller than the one for the other windows satisfying the 
condition PSw>CNR.  

Data windows spread the phase of clutter’s S1(k) either side of zero (k=0) Doppler (Fig. 13). 
Recognition of the flat phase identifies clutter’s presence. Doppler index at which the phase 
begins to depart from zero (according to a set of criteria) defines the clutter filter width. In 
the mean the autocorrelation spectral density of noise has linear phase as seen in Fig.13 but 
semi coherent signals have flattened phases in the vicinity of their mean Doppler shifts. 
Panels in Fig. 14 demonstrate qualitatively performance of this clutter mitigation technique 
and the caption highlights results. 
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Fig. 14. Fields of reflectivities (top) and velocities (bottom) with no filter (right) and after 
application of the CLEAN-AP. Close to the radar the strong reflectivities in the top right 
panel encircled in red (red indicates > 50 dBZ) are caused by ground clutter which also 
biases the velocities toward zero (lower right panel). CLEAN-AP eliminates most of the 
clutter in both fields (left panels). To the NE within the yellow circle there are areas of near 
zero velocities (lower panels gray areas are velocities within ±5 m s-1). These appear 
unaffected by the filter. The data were collected with the agile beam phased array radar 
(NWRT) in Norman, OK. (Figure adapted from Warde & Torres, 2009). 

4.4 Hybrid spectrum width estimator 

The spectrum width estimator (9) is deficient at narrow widths where significant bias 
occurs. This shortcoming will be overcome with the Hybrid estimator which chooses an 
appropriate equation depending on a rough initial estimate of σv (Meymaris et al., 2009). 
Initial estimate of the spectrum width is made using thee estimators) (9), ˆ ˆ(1) / (2)R R as in 

(Doviak & Zrnic, 2006 eq. 6.32) and an estimator based on ˆ ˆ ˆ(1), (2), and (3)R R R . Criteria 
applied to the results produce three categories of widths, large, medium, and small. Then (9) 
is used as estimate for the large category, ˆ ˆ(1) / (2)R R for the medium and ˆ ˆ(1) / (3)R R  for the 
small.  

5. Observations of phenomena  
Mesocylone refers to a rotational part of storm with the diameter of maximum wind 
typically between 3 and 10 km. It is depicted with a couplet of Doppler velocity features (see 
Fig. 9). Storms having mesocyclones can produce devastating tornadoes (Fig. 9 exhibits a 
tornado vortex signature associated with the mesocylone), strong winds, and hail. Thus, 
much effort has been devoted to detecting and quantifying these phenomena (No. 2 issue of 
Weather and Forecasting, 1998). One of the motivating reasons for installing Doppler radars 
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Fig. 13. Autocorrelation spectral density (ASD) of a radar return, top: magnitude and 
bottom: phase. Clutter is well defined with its peak at zero and flat phase (red). Based on 
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obtained with the phased array radar (NWRT). (Figure courtesy of Sebastian Torres). 

The choice of window function d(m) is very important because its sidelobes limit the amount 
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the clutter to noise ratio (CNR). Then the CNR is compared with the peak to first sidelobe 
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semi coherent signals have flattened phases in the vicinity of their mean Doppler shifts. 
Panels in Fig. 14 demonstrate qualitatively performance of this clutter mitigation technique 
and the caption highlights results. 
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Fig. 14. Fields of reflectivities (top) and velocities (bottom) with no filter (right) and after 
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(NWRT) in Norman, OK. (Figure adapted from Warde & Torres, 2009). 
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in the USA was the potential to detect mesocyclones and tornadoes. The investment in this 
technology paid off as demonstrated by the graph in Fig. 15. Trend of improvement is seen 
on all three performance indicators with the steepest rise in the years the Doppler radar 
network (NEXRAD) was being installed. This is logical: as the new tool was spreading 
across the country more forecasters were beginning to use it. Improvement continues few 
years past the completion of the network likely because it took time to train all forecasters 
and gain experience with the Doppler radar. The data indicates a plateau from about 2002 
until present suggesting maturity of the technology with little room left for significant 
advancements. Further progress might come from combining radar data with short term 
numerical weather prediction models and/or introduction of rapidly scanning agile beam 
phase array radars (Zrnic et al., 2007 and Weber et al., 2007).  

 
Fig. 15. Probability of detection, false alarms and lead time in tornado warnings issued by 
the National Weather Service as function of year. (Figure courtesy Don Burgess).  

Doppler velocities are potent indicators of diverging (converging) flows such as observed in 
strong outflows from collapsing storms. These “microbursts” have been implicated in 
several aircraft accidents motivating deployment of terminal Doppler weather radars 
(TDWR) at forty seven airports in the USA (Mahapatra, 1999, sec 7.4). Vertical profiles of 
reflectivity and Doppler velocity in Fig. 16 indicate a pulsing microburst; the intense 
reflectivity core (red below 5 kft) near ground is the first precipitation shaft and the 
elongated portion above is the following shaft. On the velocity display the yellow arrows 
indicate direction of motion. Clear divergence near ground and at the top of the storm (in 
the anvil) is visible and so is the convergence over the deep mid storm layer (5 to 14 kft). The 
horizontal change in wind speed near ground of ~ 20 kts at this stage is not strong to pose 
treat to aviation (35 kts is considered significant for light aircraft).  

An atmospheric undular bore (Fig. 17) was observed with the WSR-88D near Oklahoma 
City. This phenomena is a propagating step disturbance in air properties (temperature, 
pressure, velocity) followed by oscillation. Spaced by about 10 km the waves propagate in a 
surface-based stable layer. The layer came from storm outflow and the bore might have been 
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generated by subsequent storm. From the vertical cross section of the velocities it is evident 
that the positive velocity perturbation (toward the radar) ends at about 4000 ft, above which 
the ambient flow (green color) resumes. The velocities measured by the radar can quantify 
the structure of the perturbation, tell the thickness and wavelength. Propagation speed can 
be estimated by tracking the wave position in space and time.  

 
Fig. 16. Vertical cross sections of reflectivity field (left) and Doppler velocity field through a 
microburst reconstructed from conical scans (up to 19.5o elevation) of the WSR-88D radar in 
Phoenix Az on Aug 15, 1995. Height is in kft and distances are in nautical miles. The radar is 
located to the right of each cross section (at about 26 nautical miles). The top color bar 
depicts velocity categories in non linear increments with red away from the radar: light red 
= 0-5 kts, dark red 5 to 10, next 10-20; green indicates toward the radar in categories 
symmetric to red. The bottom bar refers to reflectivities starting at 0 dBZ in steps of 5 dBZ 
(white category indicates values larger than 65 dBZ).  

 
Fig. 17. Doppler velocities at 0.5o elevation and superposed vertical cross sections of the 
velocities obtained with Oklahoma City radar on Aug 10, 2011. Red color indicates motion 
away and green toward the radar located ESE of the bottom right corner. Height lines are in 
kft above ground level.  
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Doppler radar is valued for measuring winds in hurricanes and detecting tornadoes that can 
be imbedded in the bands. Combined with polarimetric capability, its utility greatly 
increases because of improved quantitative measurement of rainfall. Observation of 
hurricane Irene which swept the US East coast at the end of August 2011 is the case in point. 
Rotation speed of over 110 km h-1 is apparent in Fig. 18 where the color categories are too 
coarse to estimate the maximum values. The cyan color captures well Irene’s rotational 
winds because they are aligned with radials. Color categories are coarse precluding precise 
estimation of velocities but recorded values are quantized to 0.5 m s-1. Although the 
unambiguous velocity is ~ 28 m s-1 values more negative than -30 m s-1 are displayed. These 
and other outside the unambiguous interval have been correctly dealiased by imposing 
spatial continuity to the field.  

 
Fig. 18. Left: Rain rate in Hurricane Irene, obtained with a polarimetric algorithm using 
differential phase and reflectivity factor (surveillance scan with unambiguous range of ~ 465 
km). Right: Velocity field obtained with the SZ(2) phase code (Doppler scan with 
unambiguous range of ~135 km and velocity ~ 28 m s-1). Elevation is 0.5o, time 12:26 UTC, 
on Aug 27, 2011. The range circles are spaced 50 km apart. Color categories for rain rate are 
in mm h-1 and for velocity in m s-1. (Figure courtesy of Pengfei Zhang). 

The rain rate field depicts Irene’s bands some containing values larger than 100 mm h-1. 
These are instantaneous measurements and over time accumulations caused significant 
flooding which brought 43 deaths and ~ 20 billion $ damage to the NE coast of the USA. The 
obviously large spatial extent of Irene amply justifies use of surveillance scan for maximum 
storm coverage and Doppler scan for wind hazard detection. 

Atmospheric biota is routinely observed with the WSR-88D network (Rinehart, 2010). 
Examples are insects, birds, and bats. Many insects are passive wind tracers providing a 
way to estimate winds in the planetary boundary layer (extending up to 2 km above 
ground).  

Biota can be tracked for ecological or other purposes. The radar can also provide location of 
bird migrating paths, roosts, and other congregating places; this could be important for 
aircraft safety. The three donut shaped features in Fig. 19 represent Doppler speeds of birds 

 
Doppler Radar for USA Weather Surveillance 

 

29 

leaving roost early in the morning. The critters are diverging away from the roost in search 
of food. Close to the radar the continuous field of velocities is principally from reflections off 
insects filling a good part of the boundary layer (this is deduced from polarimetric 
signatures, but not shown here).  

 
Fig. 19. Field of velocities obtained from the radar at Moorhead City, NC, on July 27, 2011 at 
5:08 in the morning. The color bar indicates categories in kts; red away from the radar and 
green is toward. Elevation is 0.5o.  

6. Epilogue  
The WSR-88D network has been indispensable for issuing warnings of precipitation and 
wind related hazards in the USA. And its real time display of storm locations has become 
one of most popular and common applications on cellular phones. Its role in quantitative 
precipitation estimation is matching that of rain gages. So, what is beyond these 
achievements for the WSR-88D? Dual polarization upgrade combined with Doppler 
capability is the panacea a radar with the dish antenna on a rotating pedestal can achieve. 
Promising possibilities are: polarimetric confirmation of tornado touchdown at places where 
Doppler velocities indicate rotation; improvement of ground clutter filtering; polarimetric 
spectral analysis for extracting/separating features within radar resolution volume; 
significant improvement in data interpretation; inclusion of wind and precipitation 
type/amount in numerical prediction models; and other. Clearly the evolutionary trend 
continues and will do so at a decelerating pace until a plateau is reached. Complementary 
shorter wavelength (3 cm and 5 cm) surveillance radars are being considered for closing 
gaps or providing extra coverage at opportune places. (The TDWRs 5 cm wavelength radar 
data has been supplied to the NWS for several years). Explored are networks of tightly 
coordinated 3 cm wavelength radars for surveillance close to the ground.  
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One emerging technology is rapid scan agile beam phased array radar. This might be the 
ultimate radar providing it exceeds all the capabilities on the current network at faster scan 
rates. If in addition it proves to fulfill security and aviation needs (tracking of airplanes, 
missiles) it could revolutionize the current radar paradigm.  
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1. Introduction 
Radar is the only operational tool that provides observations of severe weather producing 
thunderstorms on a fine enough temporal or spatial resolution (minutes and 
kilometers) that enables warnings of severe weather. It can provide a three- dimensional 
view about every five to ten minutes at a spatial resolution of the order of 1 km or less. The 
development and evolution of intense convective precipitation is closely linked to 
thunderstorms and so understanding of the microphysics and dynamics of precipitation is 
needed to understand the evolution of thunderstorms as diabatic and precipitation 
processes modify and create hazardous rain, hail, wind and lightning.  

The characteristics and proportion of severe weather is climatologically or geographically 
dependent. For example, the highest incidence of tornadoes is in the central U.S. whereas 
the tallest thunderstorms are found in Argentina (Zipser et al, 2006). Warning services 
developed at National Hydrological and Meteorological Services (NHMS) often originate 
because of a particular damaging severe weather event and ensuing expectations of the 
public. Office organization, resources and expertise are critical considerations in the use of 
radar for the preparation of severe weather warnings. Warnings also imply a level of legal 
liability requiring the authority of an operational National Hydrological Meteorological 
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Service. All available data and timely access is critical and requires substantial 
infrastructure, ongoing support and maintenance. Besides meteorological data, eye witness 
observations and reports are also essential element in the issuance of tornado warnings 
(Doswell et al, 1999; Moller, 1978).  

This contribution will discuss operational or operational prototypical radar processing, 
visualization systems for the production of convective severe weather warnings. The focus 
will be on the severe weather identification algorithms, the underlying philosophy for its 
usage, the level of expertise required, decision-making and the preparation of the warning. 
Radar is also used for the precipitation estimation and its application for flash flood 
warnings. This is discussed elsewhere (Wilson and Brandes, 1979). Only a few countries 
have convective thunderstorm warning services and the target audience for this 
contribution are those countries or NHMS’ considering developing such a service. The 
intent is to provide a broad overview and global survey of radar processing systems for the 
provision of severe weather warning services. There is a considerable literature in 
convective weather forecasting and warning, this contribution can only explore a few 
aspects of this topic (Doswell, 1982: Doswell, 1985; Johns and Doswell, 1992; Wilson et al, 
1998).  

The forecasting and the warning of severe weather are very briefly described. Then, the 
underlying technique for the identification of severe thunderstorms using radar is 
presented. This forms the basis for the radar algorithms that identify the severe storm 
features. The basic components of the system are then described. Some details and unique 
innovations are incorporated in the global survey of operational or near operational use. 
This is concluded by a summary. 

2. Forecasting/Nowcasting/Severe weather warnings 
Severe weather predictions are divided into severe weather watches and severe weather 
warnings. In the preceding days, thunderstorm outlooks may be issued. Watches are 
predictions of the potential of severe weather. They are strategic in nature and fairly coarse 
in spatial and temporal resolution. They are often issued on a schedule or in conjunction 
with the public forecast. The expected behaviour is that the public would be aware of the 
possibility of severe weather and to listen for future updates. Warnings are predictions of 
the occurrence or imminent occurrence (with high certainty) of severe weather. They are 
tactical and more specific in location and time. They are also specific in weather element. 
They are a call to action and to protect one's property and one's self. They are issued and 
updated as necessary. Fig. 1 shows an overview of the process from the Japanese 
Meteorological Agency. 

Weather advisories are issued if the weather is a concern but not hazardous. Specific types 
of warning, such as tornado or hail warnings may then be issued and generally after the 
more generic severe thunderstorm warning is issued. 

The key difference is that the watch is a forecast or very short range forecast service as 
strategic in nature whereas the warning is a nowcast (based on existing data, precise in time, 
location and weather element) and tactical in nature. 
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2.1 Severe weather definition 

Severe weather is defined here as heavy rains, hail, strong winds including tornadoes and 
lightning. In the production of warnings, thresholds need to be defined. The thresholds are 
necessarily locally defined by climatology, local infrastructure and familiarity will dictate what 
is extreme. Table 1-4 show the warning criteria for Canada circa 1995. Canada is a very big 
country covering many different weather climatologies and therefore is illustrative of the 
variation of the severe weather thresholds (see also Galway, 1989). For example, 
Newfoundland on the east coast of Canada is a very windy location and hence strong winds 
are a common occurrence and the people have adapted to their environment and therefore it 
has the highest wind threshold in Canada. Each service needs to define these for them selves.  

 

 
Fig. 1. The envisioned warning process from outlook to tornado watch. This is typical of the 
process that is used in most countries providing severe weather warning services. Getting 
the message out to and understood by the public is very important aspect of the utility of 
the warning service. Superimposing the warning on television, internet, mobile devices and 
directed messaging are critical to have the message heard. 
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Type   Description 

Wind  Strong winds that cause mobility problems and possible damage to vegetation and 
structures. 

Heavy Rainfall  Heavy or prolonged rainfall accumulating on a scale sufficient to cause 
local/widespread flooding. 

Thunderstorm   One or more of the following: strong winds causing mobility difficulty, damage to 
structures due to wind and hail, heavy rain that may cause local flooding and lightning 

Severe Weather Presence of tornado(es), damaging hail, heavy rain, strong winds, life and property 
exposed to real threat, lightning 

Tornado   Public has real potential to be exposed to tornado(es). 

Table 1. Severe Weather Criteria in Canada: Warning Elements 
 

Weather 
Centre   Wind   Rain   Hail  Remarks 

Newfound-
land 

gusts of 
90 
km/h  

25 mm/h  20 mm  No tornado criteria; no tornado warning; may 
mention hurricanes in marine warning. 

Maritimes 
gusts of 
90 
km/h  

25 mm in 1 hr 
or 50 mm in 3 
hrs  

15 mm   
Tornado or  tornadic waterspout; no tornado 
warning; will issue hurricane prognostic 
message and information statements. 

Quebec 
gusts of 
90 
km/h 

25 mm in 1 hr 
or 50 mm in 12 
hrs 

20 mm   Tornado, water spout, funnel cloud, windfall; 
no tornado warning  

Ontario 
gusts of 
90 
km/h   

50 mm/hr for 1 
hr; 75 mm for 3 
hrs  

20 mm  

No tornado criteria in severe thunderstorm 
warning; tornado watch issued when 
confirmed tornadoes threaten to move into 
region or issued up to 6 hours in advance 
based on analysis or immediately for severe 
thunderstorms that indicate potential for 
becoming tornadic; tornado warning on 
forecast or observation. 

Prairie 90 
km/h  

50 mm in 1 hr;  
75 mm in 3 hr  20 mm  Tornado or waterspout probable; tornado 

warning issued when expected or observed. 

Alberta 
gust of 
90 
km/h  

30 mm/h  20 mm  

Tornado, waterspout or tornado warning 
when observed or expected or waterspout 
exists; cold air funnel cloud warning when 
cold air funnels expected but not tornadoes. 

Arctic 90 
km/h  25 mm/hr  12 mm  Tornado, water spout, funnel cloud;   tornado 

occurrence warning on a confirmed report. 

Yukon 
gust to 
90 
km/h  

25 mm in 2 hr  significant 
hail  

Potential of tornado; warning is for 
thunderstorms; no tornado warning. 

Pacific 
gusts of 
90 
km/h  

25 mm in 1 hr  15 mm  

Lightning intensity of 500 strikes in 1 hr over 
an area of 1 degree x 1 degree 
latitude/longitude; no watches for severe 
thunderstorms or tornadoes; no tornado 
warnings; thunderstorm warning issued on a 
less than severe thunderstorm; will issue 
hurricane prognostic messages and 
information statements. 

Table 2. Severe Weather Criteria in Canada: Severe Thunderstorm Criteria 
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Weather Centre Warning Criteria 
Newfoundland 50 mm in 24 hrs 
Maritimes 50 mm in 24 hrs 
Quebec 50 mm in 24 hrs or 30 mm in 12 hrs during a spring thaw 

Ontario 
50 mm in 12 hrs; sodden ground/bare frozen ground: 25 mm in 24 
hrs; spring: 25 mm in 24 hrs; slow moving thunderstorms: 50 mm/3 
hrs or 25 mm/3 hrs if ground is sodden. 

Prairie 80 mm in 24 hrs or 50 mm in 12 hrs 
Alberta 50 mm in 24 hrs 
Arctic 50 mm in 24 hr 
Yukon 40 mm in 24 hr 

Pacific 50 mm in 24 hr except in west Vancouver Island and northern 
coastal regions 100 mm in 24 hr and interior of B.C. 25 mm in 24 hr  

Table 3. Severe Weather Criteria in Canada: Heavy Rainfall Warning 
 

Weather Centre  Warning Criteria 
Newfoundland 75 km/h and/or gusts of 100 km/h 
Maritimes 65 km/h and/or gusts to 90 km/h 
Quebec 50 km/h with gusts to 90 km/h or with only gust to 90 km/h  
Ontario 60 km/h for 3 hours, or gusts of 90 km/h for 3 hrs 
Prairie 60 km/h and/or gusts to 90 km/h for 1 hr

Alberta 60 km/h or gusts to 100 km/h except in Lethbridge Region: 70 
km/h or gusts to 120 km/h. 

Arctic 60 km/h or gusts of 90 km/h 
Yukon 60 km/h for 3 hr or gusts to 90 km/h 

Pacific 

Mandatory 90 km/h expected over adjacent marine areas; 
discretionary if gale force winds (63 to 89 km/h) expected over 
marine areas; discretionary for interior B.C. 65 km/h or gusts of 90 
km/h 

Table 4. Severe Weather Criteria in Canada: Strong Wind Warning 

Warnings for summer severe weather are for extreme or rare events - events that are at the 
high end of the spectrum of weather. In terms of statistics, rare events do not occur very 
often (by definition) and so statistical analyses are always suspect due to low numbers. It is 
difficult to easily demonstrate (using statistics) the efficacy of a warning program (Doswell 
et al, 1990; Ebert et al 2004). Qualitative analyses or case studies are required to understand 
the relationship between the provision of warnings and the saving of lives (Sills et al, 2004; 
Fox et al, 2004). The same applies to determining the efficacy of radar algorithms to the 
provision of weather warnings (Joe et al, 2004). 

This has a significant impact on statistics but also on the "cry wolf" syndrome (AMS, 2001; 
Barnes et al, 2007; Schumacher et al, 2010; Westefeld et al, 2006). An accurate but useless 
tornado forecast could be by stating that "next year there will be a tornado in the U.S." This 
statement is a climatological or statistical forecast. It has a very high probability of being 
true. However, the phenomenon is very small, perhaps 10-20 km in length and 500 m in 
width and so this particular prediction is not very useful. The information is highly accurate 
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25 mm/h  20 mm  No tornado criteria; no tornado warning; may 
mention hurricanes in marine warning. 

Maritimes 
gusts of 
90 
km/h  

25 mm in 1 hr 
or 50 mm in 3 
hrs  

15 mm   
Tornado or  tornadic waterspout; no tornado 
warning; will issue hurricane prognostic 
message and information statements. 

Quebec 
gusts of 
90 
km/h 

25 mm in 1 hr 
or 50 mm in 12 
hrs 

20 mm   Tornado, water spout, funnel cloud, windfall; 
no tornado warning  

Ontario 
gusts of 
90 
km/h   

50 mm/hr for 1 
hr; 75 mm for 3 
hrs  

20 mm  

No tornado criteria in severe thunderstorm 
warning; tornado watch issued when 
confirmed tornadoes threaten to move into 
region or issued up to 6 hours in advance 
based on analysis or immediately for severe 
thunderstorms that indicate potential for 
becoming tornadic; tornado warning on 
forecast or observation. 

Prairie 90 
km/h  

50 mm in 1 hr;  
75 mm in 3 hr  20 mm  Tornado or waterspout probable; tornado 

warning issued when expected or observed. 

Alberta 
gust of 
90 
km/h  

30 mm/h  20 mm  

Tornado, waterspout or tornado warning 
when observed or expected or waterspout 
exists; cold air funnel cloud warning when 
cold air funnels expected but not tornadoes. 

Arctic 90 
km/h  25 mm/hr  12 mm  Tornado, water spout, funnel cloud;   tornado 

occurrence warning on a confirmed report. 

Yukon 
gust to 
90 
km/h  

25 mm in 2 hr  significant 
hail  

Potential of tornado; warning is for 
thunderstorms; no tornado warning. 

Pacific 
gusts of 
90 
km/h  

25 mm in 1 hr  15 mm  

Lightning intensity of 500 strikes in 1 hr over 
an area of 1 degree x 1 degree 
latitude/longitude; no watches for severe 
thunderstorms or tornadoes; no tornado 
warnings; thunderstorm warning issued on a 
less than severe thunderstorm; will issue 
hurricane prognostic messages and 
information statements. 

Table 2. Severe Weather Criteria in Canada: Severe Thunderstorm Criteria 
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Weather Centre Warning Criteria 
Newfoundland 50 mm in 24 hrs 
Maritimes 50 mm in 24 hrs 
Quebec 50 mm in 24 hrs or 30 mm in 12 hrs during a spring thaw 

Ontario 
50 mm in 12 hrs; sodden ground/bare frozen ground: 25 mm in 24 
hrs; spring: 25 mm in 24 hrs; slow moving thunderstorms: 50 mm/3 
hrs or 25 mm/3 hrs if ground is sodden. 

Prairie 80 mm in 24 hrs or 50 mm in 12 hrs 
Alberta 50 mm in 24 hrs 
Arctic 50 mm in 24 hr 
Yukon 40 mm in 24 hr 

Pacific 50 mm in 24 hr except in west Vancouver Island and northern 
coastal regions 100 mm in 24 hr and interior of B.C. 25 mm in 24 hr  

Table 3. Severe Weather Criteria in Canada: Heavy Rainfall Warning 
 

Weather Centre  Warning Criteria 
Newfoundland 75 km/h and/or gusts of 100 km/h 
Maritimes 65 km/h and/or gusts to 90 km/h 
Quebec 50 km/h with gusts to 90 km/h or with only gust to 90 km/h  
Ontario 60 km/h for 3 hours, or gusts of 90 km/h for 3 hrs 
Prairie 60 km/h and/or gusts to 90 km/h for 1 hr

Alberta 60 km/h or gusts to 100 km/h except in Lethbridge Region: 70 
km/h or gusts to 120 km/h. 

Arctic 60 km/h or gusts of 90 km/h 
Yukon 60 km/h for 3 hr or gusts to 90 km/h 

Pacific 

Mandatory 90 km/h expected over adjacent marine areas; 
discretionary if gale force winds (63 to 89 km/h) expected over 
marine areas; discretionary for interior B.C. 65 km/h or gusts of 90 
km/h 

Table 4. Severe Weather Criteria in Canada: Strong Wind Warning 

Warnings for summer severe weather are for extreme or rare events - events that are at the 
high end of the spectrum of weather. In terms of statistics, rare events do not occur very 
often (by definition) and so statistical analyses are always suspect due to low numbers. It is 
difficult to easily demonstrate (using statistics) the efficacy of a warning program (Doswell 
et al, 1990; Ebert et al 2004). Qualitative analyses or case studies are required to understand 
the relationship between the provision of warnings and the saving of lives (Sills et al, 2004; 
Fox et al, 2004). The same applies to determining the efficacy of radar algorithms to the 
provision of weather warnings (Joe et al, 2004). 

This has a significant impact on statistics but also on the "cry wolf" syndrome (AMS, 2001; 
Barnes et al, 2007; Schumacher et al, 2010; Westefeld et al, 2006). An accurate but useless 
tornado forecast could be by stating that "next year there will be a tornado in the U.S." This 
statement is a climatological or statistical forecast. It has a very high probability of being 
true. However, the phenomenon is very small, perhaps 10-20 km in length and 500 m in 
width and so this particular prediction is not very useful. The information is highly accurate 
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but not very precise in terms of location or time. Most, if not all, people would ignore the 
warning and take the risk. Another form of the "cry wolf" syndrome is where warnings are 
issued indiscriminately for a very precise time and location and with considerable lead time. 
However, particularly for rare events (those at the extreme end of a distribution), this is 
accompanied by a high false alarm rate. If too many false alarms are issued, then these will 
also be ignored. So, for rare extreme hazardous events, high probability of detection is 
needed but the false alarms need to be mitigated (Bieringer and Ray, 1996; Black and 
Ashley, 2011; Glahn 2005; Hoekstra et al, 2011; Polger et al, 1994). 

So the issuance of warnings requires a very fine balance of decision-making that takes into 
account lead time, climatology, societal risk behaviour, social-economic infrastructure, warning 
service capacity and many other regional, political and societal factors (Baumgart et al, 2008; 
Dunn, 1990; Hammer and Schmidlin, 2002; Mercer et al, 2009; Schmeits et al, 2008; Westefeld et 
al, 2006; Wilson et al, 2004). Nowcasts in general are user dependent (Baumgart et al, 2008). 
Warnings are an extreme kind of nowcasts in which the thresholds apply to a very broad range 
of users (the public). However, in the future, one can envision very specific warnings or 
nowcasts issued at lower thresholds that may affect specific users requiring tailored 
communication techniques and technologies (Keenan et al, 2004; Schumacher et al, 2010). 

The wind hazard deserves an extended discussion (Doswell, 2001). There are various kinds 
of wind hazards that have distinctive life times and spatial features. Straight line winds can 
originate in synoptic systems or typhoons and are ubiquitous, broad in spatial scale (~100+ 
km) and extended in duration (~hours/days). Derechos1 are also straight line winds 
that originate out of mesoscale convective complexes (MCC; Davis et al, 2004; Evans and 
Doswell, 2001; Przybylinski, 1995; Weisman, 2001). The damaging portion exists at specific 
locations. They are smaller in size and temporal scale than the previous kind of winds. Gust 
fronts originate with the downdrafts of MCC's and depending on the nature of the MCC 
(isolated thunderstorm, multi- cellular, line echo wave pattern, bow echo, pulse storm); the 
gust front can take on many forms but generally emanate outwards from the MCC (Klingle 
et al, 1987). They can extend for a long time and there may be extreme winds in portions of 
the gust front.  

The downdrafts can also generate quasi-circular outward flowing winds called downbursts 
(generic term). If the downbursts are over airports, small in diameter (<4km) and intense 
(>10 m/s velocity differential) then they are given a very specific term called the microburst 
(McCarthy et al, 1982; Wilson et al, 1988; Wilson and Wakimoto 2001). It is arbitrarily 
defined this way in order to be very clear to aviators that they are hazardous and should not 
be transected. They originate with a descending intense precipitation core and the wind 
intensity is enhanced by evaporative cooling (Byko et al, 2009). If evaporation is strong, by 
the time the downburst reaches the surface, there may not be any precipitation associated 
with it. In this case, the feature is called a dry downburst. If there is precipitation then it is 
called a wet downburst or microburst as the case may be.  

There are algorithmic radar techniques for the identification of all of these severe weather 
features (Dance and Potts, 2002; Donaldson and Desrochers, 1990; Johnson et al, 1998; Joe et 
                                                 
1It is beyond the scope of this contribution to illustrate the various severe hazards in detail – 
see references for fourther information. 
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al, 2004; Kessler and Wilson, 1971; Lakshmanan et al, 2003; Lakshmanan and Smith, 2009; 
Lakshmanan et al, 2009; Lenning et al, 1998; Mitchell et al, 1998; Stumpf et al, 1998; Winston, 
1998; Witt et al, 1998a, Witt et al, 1998b). The efficacy of the detection depends on the radar 
scan strategy and quality of the radar (range, azimuth resolution, cycle time, sensitivity, 
elevation angles, number of elevation tilts, etc (Brown et al, 2000; Heinselman et al, 2008; 
Lakshmanan et al, 2006; Marshall and Ballantyne, 1975; McLaughlin et al, 2009; Vasiloff, 
2001).  

2.2 Watches 

Watches are based on the concept that the juxtaposition of dynamics, thermodynamics and a 
mechanism to create upward motion and/or a mechanism to remove inhibition factors 
exists. This is often called the ingredients approach as one looks to see where the various 
ingredients come together and that is where severe weather will occur. Historically, this is 
based on the original Fawbush and Miller Technique (1953) but it has gone through 
significant evolution (Doswell, 1980, 1982, 1985, 2001; Johns and Doswell, 1992; Moller, 2001; 
Moninger et al, 1991; Monteverdi et al, 2003; Rasmussen, 2003; Weiss et al 1980).  

Fig. 2 shows the morphology of thunderstorms that theoretically develop under different 
wind shear and convective available potential energy (CAPE) situations (Brooks et al, 1993; 
Brooks et al, 1994; Markowski et al, 1998b; Weisman and Klemp, 1984; Weisman and 
Rotunno, 2000). Dynamics is represented by the 0-3 km magnitude of the wind shear. Other 
height limits may be used depending on the region and local operational usage. The 
atmospheric structure (low level moisture, mid level dry air, strength of inversions, etc) is 
important and the thermodynamics is represented by CAPE in this figure. While shear and 
CAPE are two basic indices that are often used, many other indices are investigated and 
used.  

 
Fig. 2. Thunderstorm type as a function of CAPE and Shear. 
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but not very precise in terms of location or time. Most, if not all, people would ignore the 
warning and take the risk. Another form of the "cry wolf" syndrome is where warnings are 
issued indiscriminately for a very precise time and location and with considerable lead time. 
However, particularly for rare events (those at the extreme end of a distribution), this is 
accompanied by a high false alarm rate. If too many false alarms are issued, then these will 
also be ignored. So, for rare extreme hazardous events, high probability of detection is 
needed but the false alarms need to be mitigated (Bieringer and Ray, 1996; Black and 
Ashley, 2011; Glahn 2005; Hoekstra et al, 2011; Polger et al, 1994). 

So the issuance of warnings requires a very fine balance of decision-making that takes into 
account lead time, climatology, societal risk behaviour, social-economic infrastructure, warning 
service capacity and many other regional, political and societal factors (Baumgart et al, 2008; 
Dunn, 1990; Hammer and Schmidlin, 2002; Mercer et al, 2009; Schmeits et al, 2008; Westefeld et 
al, 2006; Wilson et al, 2004). Nowcasts in general are user dependent (Baumgart et al, 2008). 
Warnings are an extreme kind of nowcasts in which the thresholds apply to a very broad range 
of users (the public). However, in the future, one can envision very specific warnings or 
nowcasts issued at lower thresholds that may affect specific users requiring tailored 
communication techniques and technologies (Keenan et al, 2004; Schumacher et al, 2010). 

The wind hazard deserves an extended discussion (Doswell, 2001). There are various kinds 
of wind hazards that have distinctive life times and spatial features. Straight line winds can 
originate in synoptic systems or typhoons and are ubiquitous, broad in spatial scale (~100+ 
km) and extended in duration (~hours/days). Derechos1 are also straight line winds 
that originate out of mesoscale convective complexes (MCC; Davis et al, 2004; Evans and 
Doswell, 2001; Przybylinski, 1995; Weisman, 2001). The damaging portion exists at specific 
locations. They are smaller in size and temporal scale than the previous kind of winds. Gust 
fronts originate with the downdrafts of MCC's and depending on the nature of the MCC 
(isolated thunderstorm, multi- cellular, line echo wave pattern, bow echo, pulse storm); the 
gust front can take on many forms but generally emanate outwards from the MCC (Klingle 
et al, 1987). They can extend for a long time and there may be extreme winds in portions of 
the gust front.  

The downdrafts can also generate quasi-circular outward flowing winds called downbursts 
(generic term). If the downbursts are over airports, small in diameter (<4km) and intense 
(>10 m/s velocity differential) then they are given a very specific term called the microburst 
(McCarthy et al, 1982; Wilson et al, 1988; Wilson and Wakimoto 2001). It is arbitrarily 
defined this way in order to be very clear to aviators that they are hazardous and should not 
be transected. They originate with a descending intense precipitation core and the wind 
intensity is enhanced by evaporative cooling (Byko et al, 2009). If evaporation is strong, by 
the time the downburst reaches the surface, there may not be any precipitation associated 
with it. In this case, the feature is called a dry downburst. If there is precipitation then it is 
called a wet downburst or microburst as the case may be.  

There are algorithmic radar techniques for the identification of all of these severe weather 
features (Dance and Potts, 2002; Donaldson and Desrochers, 1990; Johnson et al, 1998; Joe et 
                                                 
1It is beyond the scope of this contribution to illustrate the various severe hazards in detail – 
see references for fourther information. 
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al, 2004; Kessler and Wilson, 1971; Lakshmanan et al, 2003; Lakshmanan and Smith, 2009; 
Lakshmanan et al, 2009; Lenning et al, 1998; Mitchell et al, 1998; Stumpf et al, 1998; Winston, 
1998; Witt et al, 1998a, Witt et al, 1998b). The efficacy of the detection depends on the radar 
scan strategy and quality of the radar (range, azimuth resolution, cycle time, sensitivity, 
elevation angles, number of elevation tilts, etc (Brown et al, 2000; Heinselman et al, 2008; 
Lakshmanan et al, 2006; Marshall and Ballantyne, 1975; McLaughlin et al, 2009; Vasiloff, 
2001).  

2.2 Watches 

Watches are based on the concept that the juxtaposition of dynamics, thermodynamics and a 
mechanism to create upward motion and/or a mechanism to remove inhibition factors 
exists. This is often called the ingredients approach as one looks to see where the various 
ingredients come together and that is where severe weather will occur. Historically, this is 
based on the original Fawbush and Miller Technique (1953) but it has gone through 
significant evolution (Doswell, 1980, 1982, 1985, 2001; Johns and Doswell, 1992; Moller, 2001; 
Moninger et al, 1991; Monteverdi et al, 2003; Rasmussen, 2003; Weiss et al 1980).  

Fig. 2 shows the morphology of thunderstorms that theoretically develop under different 
wind shear and convective available potential energy (CAPE) situations (Brooks et al, 1993; 
Brooks et al, 1994; Markowski et al, 1998b; Weisman and Klemp, 1984; Weisman and 
Rotunno, 2000). Dynamics is represented by the 0-3 km magnitude of the wind shear. Other 
height limits may be used depending on the region and local operational usage. The 
atmospheric structure (low level moisture, mid level dry air, strength of inversions, etc) is 
important and the thermodynamics is represented by CAPE in this figure. While shear and 
CAPE are two basic indices that are often used, many other indices are investigated and 
used.  

 
Fig. 2. Thunderstorm type as a function of CAPE and Shear. 
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Watches are generally very broad in spatial nature due to the spatial density of the 
observations (soundings and surface observation), and models which are based on the 
observations, which is very sparse. The resulting analysis of severe weather potential is 
therefore necessarily broad. The situation is also very fluid and there can be many local 
factors such a topography or land-water boundaries or rural- urban differences, to name just 
a few (King et al, 2003; Wasula et al, 2002; Wilson et al, 2010). What are very difficult to 
identify are potential mechanisms to create upward motion (the trigger) or to overcome the 
convective inhibition (break the cap). On a synoptic scale, this could be lift generated by 
cold or warm fronts but on a smaller scale, they can be created by dry lines, thunderstorm 
outflows, lake-land breezes, urban hot spots, etc. Often they are very low level and therefore 
hard to observe. So forecasts of severe weather are indications that the potential ingredients 
exist. They are therefore very broad and strategic in nature. 

2.3 Warnings 

Weather warnings are issued when there is very high likelihood of severe weather. A 
broadly worded severe weather thunderstorm warning is most often first issued. If 
appropriate, it is followed by a more specific warning on a particular thunderstorm and 
specific severe weather element. This approach is not universal but is dependent on the 
climatology of severe weather and the level of the warning service that can or has been 
decided to provide. An important aspect of the detail of the warning is the ability to use the 
information by the end-user, which is often the public. The public may not know how to 
react. Given the "cry wolf" syndrome, there needs to be an education process (see Fig. 1). 
Often, a disaster is needed to get the attention of the public but the significance of the event 
can be lost in a few short years. Civil emergency services and hydro utilities can plan their 
post- event remediation actions/locations based on the warning areas and products. So, 
there can be many variations and underlying philosophies for the provision of warning 
services. This partially drives the design of the radar processing, visualization and warning 
preparations systems. It is one thing if severe weather is prevalent and there is a dedicated 
forecaster for a small area and the public is well attuned to the severity of the weather and 
have tornado shelters (Andra et al, 2002). It is another thing if the forecaster has to cover 
several radars and dealing with ill informed users (Leduc et al, 2002; Schumacher et al, 
2010). 

3. Identifying severe thunderstorms 
3.1 Lemon technique 

The specificity of the severe thunderstorm warning is primarily based on a radar feature 
identification technique attributed to Lemon (1977, 1980) and is based on a morphological 
approach (Moller et al, 1994). It is beyond the scope of this contribution to present or 
describe the various types of thunderstorms (Fig. 3 shows a small sample). As mentioned 
earlier, precipitation and precipitation cores form aloft and then descend.  

The following features need to be identified:  

 tilted updraft, and/or weak or bound weak echo region 
 displaced echo top relative to the low-mid level core 
 strong reflectivity gradients 
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 high low level reflectivity core displace towards the updraft 
 concavity (hook echo)  
 deviant motion (right or left mover, depending on hemisphere)  
 rotation 

This is a highly condensed version of the technique and there are many subtleties and 
morphological pathways as storms evolve. Severe storms begin as non-severe storms and 
algorithm developers and forecasters try very hard to extend lead times by trying to identify 
the severity of the future storm as early as possible. Note also that it is often in the 
collapsing stages of the storm (indicated by collapsing echo top or a descending core) when 
the severe weather reaches the surface (see Fig. 4).  

 
Fig. 3. It is obligatory to show radar images of severe convective storms. Linear convective 
storms are show in (a) and (b) whereas isolated thunderstorms are shown in (c) and (d). 
Except for (d), reflectivity and radial velocity images are shown together. Fig. 3a shows 
double squall lines (1) with embedded cells and mesocyclones (2). (3) shows a shear line 
associated with a cold frontal passage, so the mesocyclones are pre-frontal and likely to 
have formed on a previously formed outflow boundary. Fig 3b shows embedded 
thunderstorms on a bow echo. Note the boundaries (5) ahead of the bow echo. (8) shows a 
meso-scale intense straight line wind (nearing 48 m/s). Fig 3c show an isolated 
thunderstorm with a mesocyclone (4). Boundaries (5) can be seen and to be associated 
with the entire mesoscale convective complex and not just one individual cell. Fig. 3d 
shows the splitting of an isolated tornado producing storm. The yellow shading is the 40 
dBZ contour. Often, cell identification thresholds are set lower (30 or 35 dBZ) in an 
attempt to get earlier cell detections but this demonstrates that this results in detecting 
different storm structures. 

Not discussed here is the identification of the initiation phase of convective weather (Wilson 
et al, 1998). Significant progress has been made in the warning of air mass thunderstorms. In 
the past, these were considered random and unforecastable. Wilson et al (1998) demonstrate 
that they are not random but form on boundaries (see the fine lines on Fig. 3c). Roberts et al 
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Watches are generally very broad in spatial nature due to the spatial density of the 
observations (soundings and surface observation), and models which are based on the 
observations, which is very sparse. The resulting analysis of severe weather potential is 
therefore necessarily broad. The situation is also very fluid and there can be many local 
factors such a topography or land-water boundaries or rural- urban differences, to name just 
a few (King et al, 2003; Wasula et al, 2002; Wilson et al, 2010). What are very difficult to 
identify are potential mechanisms to create upward motion (the trigger) or to overcome the 
convective inhibition (break the cap). On a synoptic scale, this could be lift generated by 
cold or warm fronts but on a smaller scale, they can be created by dry lines, thunderstorm 
outflows, lake-land breezes, urban hot spots, etc. Often they are very low level and therefore 
hard to observe. So forecasts of severe weather are indications that the potential ingredients 
exist. They are therefore very broad and strategic in nature. 

2.3 Warnings 

Weather warnings are issued when there is very high likelihood of severe weather. A 
broadly worded severe weather thunderstorm warning is most often first issued. If 
appropriate, it is followed by a more specific warning on a particular thunderstorm and 
specific severe weather element. This approach is not universal but is dependent on the 
climatology of severe weather and the level of the warning service that can or has been 
decided to provide. An important aspect of the detail of the warning is the ability to use the 
information by the end-user, which is often the public. The public may not know how to 
react. Given the "cry wolf" syndrome, there needs to be an education process (see Fig. 1). 
Often, a disaster is needed to get the attention of the public but the significance of the event 
can be lost in a few short years. Civil emergency services and hydro utilities can plan their 
post- event remediation actions/locations based on the warning areas and products. So, 
there can be many variations and underlying philosophies for the provision of warning 
services. This partially drives the design of the radar processing, visualization and warning 
preparations systems. It is one thing if severe weather is prevalent and there is a dedicated 
forecaster for a small area and the public is well attuned to the severity of the weather and 
have tornado shelters (Andra et al, 2002). It is another thing if the forecaster has to cover 
several radars and dealing with ill informed users (Leduc et al, 2002; Schumacher et al, 
2010). 

3. Identifying severe thunderstorms 
3.1 Lemon technique 

The specificity of the severe thunderstorm warning is primarily based on a radar feature 
identification technique attributed to Lemon (1977, 1980) and is based on a morphological 
approach (Moller et al, 1994). It is beyond the scope of this contribution to present or 
describe the various types of thunderstorms (Fig. 3 shows a small sample). As mentioned 
earlier, precipitation and precipitation cores form aloft and then descend.  

The following features need to be identified:  

 tilted updraft, and/or weak or bound weak echo region 
 displaced echo top relative to the low-mid level core 
 strong reflectivity gradients 
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 high low level reflectivity core displace towards the updraft 
 concavity (hook echo)  
 deviant motion (right or left mover, depending on hemisphere)  
 rotation 

This is a highly condensed version of the technique and there are many subtleties and 
morphological pathways as storms evolve. Severe storms begin as non-severe storms and 
algorithm developers and forecasters try very hard to extend lead times by trying to identify 
the severity of the future storm as early as possible. Note also that it is often in the 
collapsing stages of the storm (indicated by collapsing echo top or a descending core) when 
the severe weather reaches the surface (see Fig. 4).  

 
Fig. 3. It is obligatory to show radar images of severe convective storms. Linear convective 
storms are show in (a) and (b) whereas isolated thunderstorms are shown in (c) and (d). 
Except for (d), reflectivity and radial velocity images are shown together. Fig. 3a shows 
double squall lines (1) with embedded cells and mesocyclones (2). (3) shows a shear line 
associated with a cold frontal passage, so the mesocyclones are pre-frontal and likely to 
have formed on a previously formed outflow boundary. Fig 3b shows embedded 
thunderstorms on a bow echo. Note the boundaries (5) ahead of the bow echo. (8) shows a 
meso-scale intense straight line wind (nearing 48 m/s). Fig 3c show an isolated 
thunderstorm with a mesocyclone (4). Boundaries (5) can be seen and to be associated 
with the entire mesoscale convective complex and not just one individual cell. Fig. 3d 
shows the splitting of an isolated tornado producing storm. The yellow shading is the 40 
dBZ contour. Often, cell identification thresholds are set lower (30 or 35 dBZ) in an 
attempt to get earlier cell detections but this demonstrates that this results in detecting 
different storm structures. 

Not discussed here is the identification of the initiation phase of convective weather (Wilson 
et al, 1998). Significant progress has been made in the warning of air mass thunderstorms. In 
the past, these were considered random and unforecastable. Wilson et al (1998) demonstrate 
that they are not random but form on boundaries (see the fine lines on Fig. 3c). Roberts et al 



Doppler Radar Observations –  
Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications 

 

42

(2006) discuss the tools to help bridge the convective initiation phase to the severe phase of 
thunderstorm nowcasting.  The science or theory of thunderstorm is still evolving (Brooks et 
al, 1994; Brunner et al, 2007; Markowski, 2002; Rasmussen et al, 1994; Weisman and 
Rotunno, 2004). 

 
Fig. 4. A time-height diagram through the core of a long lived thunderstorm with a 
mesocyclone. The “nose” on the left side of the shading indicates the precipitation and the 
mesocyclone originate at mid-levels of the atmosphere and develop vertically up and down. 
In the collapse phase of the storm or mesocyclone top, the severe weather reaches the 
ground (adapted from Burgess et al, 1993; Lemon and Doswell, 1979).  

3.2 Other data sets  

This contribution focuses on radar and its use in the preparation of warnings. In fact, all 
sources of observations and information are used to validate and enforce the conceptual 
models used to produce the warnings. Satellite imagery, such as provided by MSG and the 
future GOES-R, will be able to provide 5 minute updates over limited areas. Lightning 
networks are now prevalent and often used as surrogates for radar data where none is 
available. They also directly observe the lightning hazard (Branick et al, 1992; Gatlin et al, 
2010; Goodman et al, 1988; Knupp et al, 2003; Lang et al, 2004; Schultz et al, 2011;). Even 
though a single lightning flash can cause serious harm or death, table 2 indicates that, in 
Canada, a propensity of lightning strikes is needed before a lightning warning will be 
issued. Surface wind reports can be also used. However, a tornado or a microburst is 
relatively small and most operational networks are too sparse to effectively sample the 
atmosphere for such a small feature. At some airports, a dense network of anemometers is 
established for this specific problem (Wilson et al, 1998). An important data set are eye 
witness reports (Doswell et al, 1999; Moller 1978; Smith, 1999). In the past, eye witness 
reports were required before a tornado warning would be issued. This made all tornado 
warnings "late" with negative lead times. This was done in order not to "cry wolf" and 
"alarm the public". An emerging source of information is the use of high resolution NWP 
(Hoekstra et al 2011; Li, 2010; Stensrud et al 2009). While phase errors exist (time and 
location of the thunderstorm), the models appear to be able to capture the morphology of 
the storm (see Fig. 2). While radar is the core observation system for severe weather 
warnings at the convective scale, these are not available everywhere.  A warning service that 
does not include radar has yet to be effectively demonstrated. 
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3.3 Radar dependencies 

The Lemon technique implies that volume scanning radars are needed since many of the 
critical features originate aloft (see Fig. 4). Both, high data quality (Joe, 2009; Lakshmanan et 
al, 2007; Lakshmanan et al 2010; Lakshmanan et al, 2011) and rapid update cycles for the fast 
evolving thunderstorms (Crum and Alberty, 1993; Marshall and Ballantyne, 1975). In order 
to detect low level "clear air" boundaries important for the identification of convective 
initiation, high sensitivity is critical. Research literature often shows many examples of 
extensive clear air radar echoes that are not operationally observed. The operational 
question is whether it is a radar sensitivity issue or the lack of insect targets (the clear air 
targets have been identified as insects through dual-polarization signatures). Extensive clear 
air echoes are commonly reported observed on the WSR-88D and primarily in certain parts 
of the United States (Wilson et al, 1998). Table 5 shows the sensitivity of a small sample of 
radars including the WSR-88D, WSR-98D (S Band radars) and three C Band radars, one of 
which is a low powered (8 kW), travelling wave tube (TWT) solid sate pulse compression 
radar (Joe, 2009; Bech et al, 2004;  O’Hora and Bech, 2007). In units of dBZ, the sensitivity is a 
function of range.  Fifty kilometer range is arbitrarily chosen to compare the radar 
sensitivities. The table shows that all these state of the art radars can have comparable 
sensitivity.  Therefore, the apparent lack of clear air echoes is due to the lack of local clear air 
radar targets and not due to radar sensitivity or wavelength (for example, see May et al, 
2004).  In addition, due to the dependendence of the backscatter on the inverse frequency 
squared, C Band radars should observe insects better than S Band radars. 
 

Radar MDS at 50 km 
WSR-98D (TJ) -6.0dBZ
WSR-98D (BJ) -5.5 dBZ
WSR-88D (KTLX) -7.5 dBZ
WSR-88D (KLCH) -8.5 dBZ
WKR Conventional C Band (2 μs pulse) -11.0 dBZ
WKR Conventional C Band (0.5 μs pulse) -5.0 dBZ
CDV TWT (8kW) C Band (1 μs pulse) 6.0 dBZ
CDV TWT (8kW) C Band (5 μs pulse) -7.0 dBZ
CDV TWT (8kW) C Band (NLFM 30 μs pulse) -6.0 dBZ
CDV TWT (8kW) C Band (NLFM 40 μs pulse) -9.0 dBZ
INM Conventional C Band (2 μs pulse) -9.0 dBZ

Table 5. Minimum Detectable Signal of Various Radars 

4. Forecast process and system design  
Perhaps the most important consideration in the design of the operational radar processing, 
visualization and decision-making is the underlying philosophy of the weather service, 
existing systems and, of course, the capabilities and resources available (Joe et al 2002).  In 
many cases, the warning service requirements are driven not only by the scientific 
capabilities or the needs but also by the political, societal and economic norms. Often a 
warning service is an ethical and moral reaction by NHMS's to a damaging event or events 
and hence it is also a political reaction by governments. This varies considerably from place 
to place. These requirements are tempered by existing observational infrastructure. Are 
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(2006) discuss the tools to help bridge the convective initiation phase to the severe phase of 
thunderstorm nowcasting.  The science or theory of thunderstorm is still evolving (Brooks et 
al, 1994; Brunner et al, 2007; Markowski, 2002; Rasmussen et al, 1994; Weisman and 
Rotunno, 2004). 

 
Fig. 4. A time-height diagram through the core of a long lived thunderstorm with a 
mesocyclone. The “nose” on the left side of the shading indicates the precipitation and the 
mesocyclone originate at mid-levels of the atmosphere and develop vertically up and down. 
In the collapse phase of the storm or mesocyclone top, the severe weather reaches the 
ground (adapted from Burgess et al, 1993; Lemon and Doswell, 1979).  

3.2 Other data sets  
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sources of observations and information are used to validate and enforce the conceptual 
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(Hoekstra et al 2011; Li, 2010; Stensrud et al 2009). While phase errors exist (time and 
location of the thunderstorm), the models appear to be able to capture the morphology of 
the storm (see Fig. 2). While radar is the core observation system for severe weather 
warnings at the convective scale, these are not available everywhere.  A warning service that 
does not include radar has yet to be effectively demonstrated. 
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there functioning radars or other data sources? Is there the capacity to design or even adopt 
a radar processing system? Is there the knowledge and capacity to interpret the data 
products to make effective warning decisions and issue warnings? And is there a way to 
reach the end-user in a timely fashion? It should not be forgotten that the end-user must be 
educated on the meaning of the warning and on how to react appropriately.  Is there 
sufficient budget to develop a warning system?  What is risk is acceptable?  What level is the 
moral outrage? 

An often overlooked design issue is the organization of the weather service. Warnings are 
provided for small areas (scale of the weather feature) in order to mitigate the "cry wolf" 
syndrome to be effective (Barnes et al, 2007; Hammer and Schmidlin, 2002). The critical issue 
is the capacity to provide the attention to the detail given the totality of the forecast 
responsibilities. The system design will be quite different if there are many forecast offices 
and few radars (one to one) compared to few offices and many radars (one office to ten 
radars as in Canada).  

Of course, an overarching issue is the climatology of severe weather which ultimately is the 
core issue. For many countries, convective weather may occur year round and some only for 
the summer season. In the latter case, a design question is to determine the use case for the 
shoulder season where severe weather may occur unexpectedly and the warning service is 
seasonal.  

Severe weather forecasting requires a unique forecasting skill set. In synoptic forecasting 
(for 12 hours and beyond), the forecaster compares current observations to numerical 
weather prediction models to evaluate the appropriateness of the model or to develop a 
conceptual model of the weather for the creation of the public forecast product (Doswell 
2004). The product is usually produced on a fixed schedule. In severe weather forecasting, 
the observations need to be timely; there is urgency in the interpretation and the generation 
of the warning product. It is a "short fused" situation. These require different personality 
types and this also drives the design considerations. In order to mitigate the "cry wolf" 
situation while maintaining high probability of detection, a dedicated and separate warning 
forecaster function is required to be able to address the immediacy issues of the warning 
service.  These are just some of the design considerations for a radar processing and 
visualization system and the forecast process for the provision of severe weather warnings. 
Forecast process refers to all components of the transformation of the data or observations 
into information used for decision- making and warning service production. It includes both 
the human and their tools and is often referred to as the man-machine mix. Given all the 
degrees of freedom in the chain, there are different models of the forecast process.  

In the next section, a global survey (necessarily incomplete) is presented that will briefly 
examine the operational or near-operational systems that have been developed. Many have 
commonalities and only the underlying unique aspects will be highlighted. 

5. Components of a basic system 
In this section, the basic components or issues of severe weather radar 
processing/visualization are briefly discussed and a block diagram is provide in Fig. 5. The 
benefits of different radar types are discussed elsewhere (WMO, 2008). 
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Fig. 5. The flow of the radar data to warning product is much the same in all systems. But 
the contents of each stage can be different. Except for one system described in this 
contribution, all the others require human decision-making at stage C before the warning 
product is issued to the public. In the case of KONRAD (see section 6.10), the product goes 
mainly to “sophisticated” users.  

5.1 Data quality 

Radar processing systems need quality controlled data. This can occur in a separate and 
independent process. In some cases, it is part of the adjustments and corrections that need to 
be made. Before the severe weather processing occurs (stage B in Fig. 5), it is assumed that 
the data is free of anomalous propagation, ground clutter and biases in power are adjusted. 
Second trip echoes and range folded may still be in the Doppler data (Joe 2009; Lakshmanan 
et al, 2010; Lakshmanan et al, 2011).  

In high shear environments the assumption that the radial velocities within a range volume 
are uniform may not be satisfied (Holleman and Beekhuis 2003; Joe and May 2003). Fig 6ab 
shows a simulated Doppler velocity spectrum (based on an example in Doviak and Zrnic, 
1984) of a tornado contained within a single range volume. The spectrum is bi-modal and 
the peaks at located at the speed of the radial components of the tornado. Normally it is uni-
modal and Gaussian in shape. Fig. 6cd show the measured spectrum given two different 
Nyquist limits. The spectrum is aliased and overlaps with itself. The smaller the Nyquist 
limit, the greater the overlap. In highly sheared regions, the velocity data is noisy and can be 
non-sensical. The chapter on quantitative precipitation estimation addresses many of the 
quality control issues.  
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Fig. 6. (a) Doppler velocity spectra at different ranges made with a radar with a very large 
Nyquist interval. The arrow points to the tornado. The spectrum is bi-model. (b) a 
simulation of the spectra. (c) and (d) are simulated measured spectra made with different 
Nyquist intervals. The spectrum overlaps and is aliased. In (c) the spectra is bi-modal still, 
would produce a radial velocity estimate near zero with a very broad variance. In (d), the 
mean is still zero, the spectra is uni-modal with a smaller variance.  

6. Global survey 
This section provides a necessarily brief global survey of various convective weather radar 
processing systems. In fact, there are only a few NHMS’ that actually provide a severe 
weather warning service. The systems are presented in a sequence that approximately 
matches when they were developed and the reader can follow the progression of the system 
and philosophical developments.  

6.1 RADAP – II, U.S.A. 

The first radar processing system for severe weather was RADAP-II and it was built in the 
1970’s (Winston and Ruthi, 1986) and it followed from D/RADEX (Breidenbach et al, 1995; 
Saffle, 1976) within the National Weather Service. They used VIL (vertically integrated liquid 
water) and a significant innovation was the introduction of a SWP (Severe Weather 
Probability) product. They were using probabilistic and uncertainty concepts then! There were 
many innovations with RADAP-II but its deployment was curtailed due to the development of 
the Doppler upgrade called the WSR-88D (Crum and Alberty, 1993; Lemon et al, 1977; Wilson 
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et al, 1980). Crane (1979) developed the cell identification techniques based on peak detection. 
These systems left a legacy for the development of the WSR88D algorithms. McGill developed 
SHARP (Bellon and Austin, 1978) for precipitation nowcasting and developed the cross-
correlation method for echo tracking which is still used today. It did not specifically address 
severe weather algorithms, which is the focus of this contribution. 

6.2 WSR-88D, U.S.A., WSR-98D, China 

Many of the innovations for the reflectivity-only algorithms of RADAP-II were adopted and 
significantly enhanced for the WSR88D (Crum and Alberty, 1993; Kitzmiller et al, 1995). 
Doppler algorithms were developed for mesocyclone and gust front detection (Hermes et al 
1993; Uyeda and Zrnic, 1986; Zrnic et al, 1985). Considerable effort has been expended to 
improve upon these initial efforts. A search of the American Meteorological Society journal 
publications will illustrate that. Initially, the output from the WSR88D Radar Product 
Generator was displayed on a dedicated radar-only visualization system called the Principal 
User Product (PUP) display for the forecaster and later the forecaster workstation called 
AWIPS was used. This integrated all the data and products that the forecaster needed. WSR-
88D algorithms were later deployed on the WSR-98D radars made by MetStar and used in 
China, Romania, India, Korea and other places. 

A fundamental question arose as to the role of automated guidance products versus manual 
interpretation (Andra et al, 2002). It is clear that automated generated products are for 
guidance and it should not be mistakenly interpreted that warnings were automatically 
generated and issued without an intervening well trained decision-maker. Initially, there 
was an extensive radar training program for forecasters, up to 6 weeks for specialists. 
Clearly, the expectation was that an expert level of training was needed to interpret Doppler 
radar data for severe weather warnings. This was re-enforced by the work of Pliske et al 
(1997) who analyzed how to achieve the expected benefits of a modernization program. This 
resulted in the development of an on-going training program for decision-making at the 
appropriately named, Warning Decision Training Branch of the National Severe Storms 
Laboratory. Professionally trained instructors on cognitive principles interactively have the 
skills to tailor the material to the appropriate knowledge level, abilities and learning styles 
of the student. It is a model for professional training.  

6.3 TITAN – NCAR 

TITAN (Thunderstorm identification, tracking and nowcasting) was first developed in 
South Africa and then later at NCAR for support of weather modification programs. Dixon 
and Weiner (1993) described a simple but brilliant threshold technique for the identification 
of thunderstorm cell cores. This simplified the peak detection techniques of the Crane (1979) 
technique as the latter identified many weak cells and challenged the computing power of 
the day. It also described a methodology for tracking. It could be argued that this is the most 
widely used system in the world. It is freely available and requires some expertise to 
implement. It is used extensively in research environments (Lei et al, 2009). It is a stand 
alone system and integrating it into an operational environment has been done but there are 
capacity and support issues to consider. For example, it is used at the South African 
Weather Service. 
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6.4 WDSS-I and II – USA 

WDSS-I was a research analysis tool and made great strides in developing innovative 
algorithms and concepts. WDSS-I (Eilts et al, 1996) processed single radar data. A 
particular innovation was the Storm Cell Identification and Tracking algorithm (Johnson 
et al, 1998) which ranked the storms by severity. This extended the SWP product from 
RADAP-II. This system is commercially available from Weather Decision Technologies. 
WDSS-II was an enhanced version of WDSS-I (Lakshmanan et al, 2006). It has a multi-
radar capability and integrates other data. Fig. 7 shows a chart of the data processing flow 
and lists the algorithms. A technical innovation is in the handling of radar data in overlap 
regions. Radar cell identifications (and others such as mesocyclone detection) are first 
done along each PPI surface to identify 2D cell objects. Then these 2D objects are collated 
together into a 3D multi-radar object. A five minute window is used to aggregate the data 
and cells are time shifted to a common moment in time. A service innovation is that this 
extends the warning service capability to a regional level (more than the domain of single 
radar). WDSS-II saw the return to the display of more imagery to support experts in their 
decision-making (Fig. 8).  

Fig. 8 shows shear fields and aggregated shear fields. While they were computed as part of 
the severe weather algorithms internal computations, they were not previously displayed. 
With the development of fast computers and display capabilities and the realization that 
expert forecasters can effectively use these products, they became in vogue. 

 
 
 

 
 
 
 

Fig. 7. The data flow of the WDSS-II system. This system integrates “other” data (numerical 
weather prediction data) including model data into the radar processing. While this is 
common for QPE applications to help identify the bright band or melting level, this was an 
innovation in severe weather processing.  
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Fig. 8. In this system, there is a trend to go back to basic imagery products such as shear and 
aggregated shear to aid in the interpretation and utility of the data.  

6.5 CARDS – Canada 

The CARDS (Canadian Radar Decision Support) system was developed as part of the radar 
upgrade (Joe et al, 2002; Lapczak et al, 1999) and built on the previous concepts. In Canada, 
a single severe weather forecaster is responsible for the provision of warnings for the area 
coverage of about ten radars. This is in contrast to other countries, where it is approximately 
one radar for one forecaster. While this may seem like a work overload situation, there are 
some interesting side benefits. It has been estimated that in a one radar for one forecaster 
situation, a forecaster will likely face only one significant event in his career. In the 
Canadian scenario, a severe weather forecaster will therefore experience ten big events.  It 
can be argued that these experienced forecasters will be better at decision making and will 
therefore make better warnings (Doswell, 2004). Forecasting is a complex process and it 
remains to be seen whether this is a true. Given these constraints, the weather service of 
Canada is arguably the most reliant on automated guidance products. They are critical in 
aiding the forecaster to diagnose those cells which need detailed interrogation to upgrade 
from a severe weather warning to a more specific warning. 
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6.4 WDSS-I and II – USA 
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Fig. 8 shows shear fields and aggregated shear fields. While they were computed as part of 
the severe weather algorithms internal computations, they were not previously displayed. 
With the development of fast computers and display capabilities and the realization that 
expert forecasters can effectively use these products, they became in vogue. 
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Fig. 9. An example of a CARDS composite, SCIT and cell view. The size of the forecast 
domain is about ~2000 km x 1600 km. The image shows a zoomed image of the cells, tracks 
and lightning strikes. Eight Canadian radars and 12 US radars contribute to the image. The 
composite and the SCIT table products are invoked and displayed at the same time. The 
forecaster can either drill down to a CELL VIEW via the composite or via the SCIT table. 
They can also rapidly survey the cells from the SCIT table without invoking the CELL VIEW 
products. The colour coding indicates the categorical ranking. On the right is an example of 
a cell view. This shows a variety of images that allows the forecaster to quickly make a 
decision as to the severity of the storm. The product shows an ensemble product of the 
algorithms (upper left hand corner, not described), automatically determined cross-sections, 
four CAPPIs (1.5, 3.0, 7.0, 9.0 km), reflectivity gradient, MAXR, echo top, VIL density, Hail, 
BWER and 45 dBZ echo top and time graphs. 

In an envisioned future exercise for the design of CARDS, it was identified that there was 
actually no hard requirement for single radar products. One of the main reasons for missed 
warnings was that the forecaster was so intent on one thunderstorm that they forgot about 
the others. There was a loss of situational awareness. This happens even with experienced 
forecasters or analysts and is common in many fields where critical decisions are made. A 
regional composite that could display and overlay the most popular products (CAPPI, 
EchoTop, etc) is the main product to maintain situational awareness. Thunderstorms cell 
locations are identified, ranked, color coded and displayed on the composite and in a table 
similar to the SCIT table. Selecting the cell of interest in the composite or in the table, the 
user is able to quickly and rapidly drill down to reveal a cell view product (Fig. 9) that 
contain all the products that the user would use to interrogate a cell and make decisions. 
The cell view has a legacy from Chisholm and Renick (1972). The design exercise also 
identified the critical reliance on automated guidance products. 

Another important innovation is that the visualization tool for the image and data products 
is based on hypertext transfer protocol (http) which means that any computer regardless of 
operating system can access the full functionality of the radar data. Analyzing 
breakthroughs in the use of radar, access to the data and the products has been “the” key 
innovation. Recall the days of radar operators who hand drew radar maps or the facsimile 
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machine or the mono or color graphics terminal. Each innovation increased the capacity to 
deliver better products. In today’s technology, every button press or mouse click that is 
eliminated delivers “a big bang for the buck”. This key innovation allowed the data to be 
effectively used in the Sydney Olympic Command Centre (Joe et al, 2004; Keenan et al, 
2004). 

Similar to the SCIT of WDSS-I, CARDS implemented a fuzzy logic technique to rank storms. 
The technique is configurable (see Table 6). It shows the parameters that the users decided 
to use and the thresholds that they considered as weak, moderate, strong and severe (see 
also Doswell et al, 2006). 

In the overlap region, cells are selected from one radar or the other, unlike WDSS-II. Due 
to attenuation concerns, lack of experience with the fuzzy logic storm severity technique 
and that reflectivity (and reflectivity based products) was still the prime parameter for 
determining storm severity; users selected the cell detection with the maximum 
reflectivity as the cell for visualization. However, this would likely not be the case 
anymore as nearest radar or maximum information or maximum severity ranking would 
be chosen today.  
 

Thresholds  Rank BWER Meso Hail Wdraft Vil 
density 

Max Z 45 dBZ 

(0-8) ETop 

   count m/s/km cm m/s kg m^2 / 
km 

dBZ km 

 0  0 0 0 0 0 0 0 

Minimum 1 0-2 5-11 4 0.5 10 2.2 30 5.5 

Weak 2 3-4 12-17 6 1.3 15 3 45 8.5 

Moderate 3 5-6 18-21 8 2.3 20 3.5 50 10.5 

Severe 4 7+ 22-26 10 5 25 4 60 12.5 

Notes:          

 Rank:  5-6 means a value of 5 or more but less than 7.   

 WER:  The number of directions where reflectivity 
increases 

  

   determines a BWER (with low reflectivity below)   

 Meso:  Average Pattern Vector Shear (see Zrnic et al, 1985)   

 Hail:  Average Hail Size      

 WDRAFT
: 

 Gust potential in 
m/s 

     

 Vil Density: Similar to WDRAFT in pattern     

 VIL  if VIL for classification then 10 20 30 40 are the thresholds  

 Max Z:  Max reflectivity in the cell     

 45 dBZ Echotop Ht: Reliable echo top parameter     

Table 6. Fuzzy Logic Membership Functions for Parameters Used to Rank Storms. 
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6.6 SWIRLS and its variants – Hong Kong, China 

In Hong Kong, lightning strikes and damaging squalls are major threats accompanying 
thunderstorms. In support of the Thunderstorm Warning operations, SWIRLS (Short-range 
Warning of Intense Rainstorms in Localized Systems) was developed to track and predict 
severe weather including rainstorms, cloud-to-ground (CG) lightning, damaging 
thunderstorm squalls and hail for the general public. The warning decision and message 
preparation are made by the Observatory’s duty forecaster. Once issued, the warning 
message are disseminated automatically through various channels including radio and 
television broadcast automatic telephone enquiry system, Internet web page, as well as 
mobile apps for smart phones and social networking platforms such as Twitter. 

An innovation is the DELITE (Detection of cloud Electrification and Lightning based on 
Isothermal Thunderstorm Echoes) algorithm for lightning warning.  It selects radar and 
other parameters most relevant to the microphysical processes leading up to the 
electrification of a cumulus cloud (Fig. 10). This includes radar reflectivity at constant 
temperature levels (0C, -10C, and -20C), the thermal profile of the troposphere (from 
either numerical weather model analysis or the latest available radiosonde data), the echo 
top height and the vertically integrated liquid (VIL).  CG lightning initiation is expected if 
prescribed thresholds are exceeded. 

The above severe weather analyses are performed on a cell basis and the threat areas are 
identified as elliptical cells in the corresponding interest fields with values greater than or 
equal to prescribed thresholds. For example, the detailed cell identification technique follows 
the GTrack algorithm of SWIRLS. For lightning and downburst, the interest fields are 3-km 
CAPPI and 0-5 km VIL respectively. The thresholds are 25 dBZ and 5 mm respectively.  

MOVA (Multi-scale Optical flow by Variational Analysis) is a gridded echo-motion field that 
is derived from consecutive radar reflectivity fields by solving an optical-flow equation with a 
smoothness constraint. To capture multi-scale echo motions, the optical-flow equation is 
solved iteratively for a cascade of grids from coarse to fine resolutions (about 512 to 3 km).  

 
Fig. 10. (a) Conceptual model of CG lightning. The main source of electric charges is assumed 
to be located in the mixed-phase layer between 0 and -20C. Prior to electrification, the updraft 
is expected to separate the charge carriers vertically. Negative charge carriers (i.e. graupel) are 
expected to reside mainly in the mixed-phase layer. The updraft pumps super-cooled rain 
water into this layer and wet the carriers. (b) Flow chart of the logic of the algorithm. 
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SWIRLS updates and outputs nowcast products at 6-minute intervals. For severe 
thunderstorms, the major results are visualized as an image product called the Severe 
Weather Map on its client workstation in the forecasting office, as well as a web page named 
SPIDASS (SWIRLS Panel for Integrated Display of Alerts on Severe Storms) dedicated for 
severe weather alerts (Fig. 11).  

 
Fig. 11. (a) shows an example of the Severe Weather Map. Textual alerts with quantitative 
details were printed at the bottom. (b) , the main panel of SPIDASS web page provides a 
compact view of all alerts arranged in rows and colour-coded for different severity levels. 

The Hong Kong Observatory has also developed separate multi-sensor thunderstorm 
nowcasting systems for the aviation community and the public utilities services (Li, 2009). A 
lightning nowcasting system, named the Airport Thunderstorm and Lightning Alerting 
System (ATLAS), covers the Hong Kong International Airport (HKIA). It combines rapidly 
updated CG lightning strike information, radar reflectivity and TREC wind information to 
nowcast lightning strikes using a modified Semi-Lagrangian advection scheme.  Depending 
on the predicted distance from HKIA, ATLAS will automatically generate RED (1km) or 
AMBER (5 km) alerts.   

ATLAS is equipped with two ensemble algorithms, to take into account the possible rapid 
development nature of lightning (transient and sporadic). The Weighted Ensemble (WE) 
algorithm sums all available 12-minute CG forecasts with decreasing weight with time.  If 
the sum exceeds an optimized threshold, alerts are created. WE has proved to be effective 
for alerting persistent and wide-spread thunderstorms.   The Time Lagged Ensemble (TLE) 
algorithm sums the 1-minute forecasts valid at the same time from the twelve 1-minute 
forecasts provided in the past 12 minutes with decreasing weight over time.  TLE is proved 
to be more skilful in predicting rapidly developing, small or wide-spread thunderstorms 
than WE.  Figure 12 shows a snapshot of the ATLAS product.   
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Fig. 12. A snapshot of ATLAS webpage.  The image shows the actual position of the CGs 
(ellipses with solid line), the predicted CGs (ellipses with dashed line), the 12-minute 
forecast in blue and the 30-minute forecast in grey. 

The Aviation Thunderstorm Nowcasting System (ATNS) has been developed to predict the 
movement of thunderstorms to help local Air Traffic Management to better manage the 
flight traffic over the Hong Kong Flight Information Region for the next few hours (Li and 
Wong, 2010). A blending approach is adopted to extend the forecast range and to capture 
the development and dissipation of thunderstorms. The NWP model used is a high 
resolution non-hydrostatic model with horizontal resolution of 5 km (Li et al. 2005; Wong et 
al. 2009).  Volume radar reflectivity data are ingested into the model via the LAPS data 
assimilation system (Albers et al. 1996) and radar Doppler radial wind and 3D radar winds 
are assimilated via the JNoVA-3DVAR data assimilation system (Honda et al. 2005) to 
improve the initial moisture field and wind fields, respectively.  

The blending algorithm is as follows: (i) SWIRLS radar forecast reflectivity is converted into 
surface precipitation using a dynamic reflectivity-rainfall (Z-R) relation; (ii) precipitation 
forecasts are extracted from the NHM; and (iii) then they are blended. The latter blending 
process involves: (i) Phase correction where a variational technique minimizes the root 
mean square error of the forecast rainfall field from a previous model run (usually 
initialized at 1-2 hours before) and the actual radar-raingauge derived precipitation 
distribution (Wong et al. 2009). (ii) Calibration of the QPF rainfall intensities is based on the 
observed radar-based quantitative precipitation estimate (QPE), and (iii) blending of 
calibrated model QPF with the radar nowcast out to 6 hours where the weighting is biased 
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to the nowcasts in the early stages and towards the model at the longer lead times.  Figure 
13 shows the comparison between the effects of ATNS using SWIRLS simple extrapolation 
(1-6 hours forecasts) and ATNS using SWIRLS-NHM blended forecasts for the case of 4 Jun 
2009 (1-6 hour forecasts).  The simple TREC extrapolation (left column) overpredicts the 
rainfall intensities in this case at long lead times (6 hours). 

 
Fig. 13. An example showing the comparison between the effects of SWIRLS simple 
extrapolation and blending of SWIRLS and NHM rainfall. Figures from top to bottom are 1-
hr, 2-hr and 6hr simple extrapolation (left column), AANS blended precipitation (middle 
column) forecasts and the radar-based QPE (different scale). 
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6.7 SIGOONS – France 

Significant Weather Object Oriented Nowcast System (SIGOONS) is a component of the 
Synergie workstation (Brovelli et al, 2005). Thunderstorm cells are identified using the RDT 
(Rapidly Developing Thunderstorms) technique by Hering et al (2005) and are represented 
as objects. This database is updated every five minutes and is automatically quality 
controlled against other observational data. The objects may have deterministic and 
probabilistic attributes and have a time dimension – they can grow and decay. Products are 
automatically generated and tailored according to pre-defined customer requirements. 
Discrepancies are brought to the attention of the forecaster who can select persistence over 
linear extrapolation nowcasts. The forecaster can take additional initiative. The attributes of 
the weather objects can be manipulated and altered by forecasters.  

6.8 THESPA and TIFS, Australia 

Within the Bureau of Meteorology, forecasters use RAPIC to interactively interrogate the 
data. The innovation is the radar data is loaded on the graphics memory of the client 
computer and extremely rapid response of the display is achieved. To avoid dual-PRF 
dealiasing errors, only single PRF data is used resulting in a Nyquist interval of 16 m/s. This 
implies considerable forecaster training is required to interpret highly aliased Doppler data. 

Thunderstorm Strike Probability (THESPA, Dance et al, 2010) generates probabilistic 
nowcasts. Using the historical statistics of the nowcast position errors as a function of lead 
time and detected storm properties, storm motion is modeled as a bivariate Gaussian 
distribution on storm speed and direction. For a given geographical point, the strike 
probability from all possible thunderstorms is computed for the forecast period (Fig. 14).  

The algorithm is embedded in the Thunderstorm Interactive Forecast System (TIFS, Bally 
2004). The Beijing Olympics provided an opportunity to explore and prototype new 
nowcasting techniques (Wang et al, 2010). TIFS was modified to ingest the storm locations and 
tracks from the CARDS, SWIRLS, WDSS and TITAN to create a poor man’s ensemble. From 
each of the storms and tracks, THESPA was used to compute a consensus or ensemble strike 
probability (Fig. 14b). A warning product would be automatically generated. The analyst (B08 
Forecast Demonstration Project team member) would evaluate the product and determine if 
intervention was needed. The analyst could then use the graphical interface and add, delete or 
modify cells or tracks. The analyst could view and modify any of the ensemble members and 
the strike probability display would update. Accepting the change would regenerate the 
automated warning product, be disseminated and overwriting the fully automated product. 

6.9 NoCAWS – SMB 

The Shanghai Meteorological Bureau’s NoCAWS system was one of the nowcast systems 
used for the World Expo on Nowcasting Services (WENS) component of the Multi-hazard 
Early Warning Service project (MHEWS). It integrates observations, mesoscale models and 
nowcasts to host data displays; analysis tools, severe weather alerting tools to generate 
automatic forecasts and warning for forecasters. It covers the scales from outlooks to 
warnings. An innovative feature is lightning forecasts. COTREC winds are used to nowcast 
cell motions. Advection and statistical relationships between lightning and reflectivity are 
used to nowcast lightning (Fig. 15) 
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Fig. 14. (a) The detected thunderstorm is the ellipse oriented south-west to north-east.  A 
motion to the south east is shown. The contours and shading show the probability that the 
thunderstorm will advect or propagate into those locations. The probabilities were verified 
for a season of storms around Sydney and Beijing, with excellent reliability, with a Brier skill 
score of between 0.36 and 0.44 with respect to an advected threat area forecast. (b) An 
example of a prototype TIFS strike probability product. Three cells are identified as A, B and 
C and represented as ellipses. The tracks of B and C are indicted by the partial ellipses and 
the colours indicate the strike probability, marked as E and F and appear consistent. The 
track for cell A is marked as D1 and appears anomalous. D2 is the track that the analyst has 
modified to produce the final strike probability map (c). 

 
 

 
 
 

Fig. 15. This figure shows a nowcast of the reflectivity and lightning from NoCAWS. The 
plus signs are nowcasts of lightning strikes. 
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6.7 SIGOONS – France 
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6.10 KONRAD/NinJo/NowCastMIX – DWD 

There are several tools in the German Weather Service and include KONRAD (Lang et al, 
2001), Mesocyclone detection (Hengstebeck et al, 2011), AutoWARN, EPM (editing, 
prediction, monitoring), Cellviews (Joe et al, 2003). All of these are integrated into the Ninjo 
system (Koppert et al, 2004). KONRAD was developed as a research prototype and uses a 
variable elevation angle PPI reflectivity product for the identification and warning potential 
of cells.  The 10 minute volume scan product is used for further classification. The cells are 
displayed as abstractions and only a >28dBZ contour is displayed in the end user product 
(Fig. 16). Of all the systems discussed, it is the only truly automated system where the 
products go directly out to the end-user without human oversight. However, it targets 
sophisticated end-users such as emergency authorities, county administrators, fire 
departments and the military and not the public. One could argue that these are guidance 
products for external versus internal decision-makers for planning but not warning service.  
So the “cry wolf” syndrome is not a significant issue.  This does demonstrate the potential 
use of fully authomated products. 

 
Fig. 16. An example of the abstraction from reflectivity to symbolic representation of 
thunderstorms from the KONRAD system. It is the only system described in the contribution 
that is totally automated. It is directed to “sophisticated users” for planning purposes. 

The AutoWARN system in NinJo integrates various meteorological data and products in a 
warning decision support process, generating real-time warning proposals for assessment 
and possible modification by the duty forecasters. These warnings finally issued by the 
forecaster are then exported to a system generating textual and graphical warning products 
for dissemination to customers. On very short, nowcasting timescales, several systems are 
continuously monitored. These include the radar-based storm-cell identification and 
tracking methods, KONRAD and CellMOS; 3D radar volume scans yielding vertically 
integrated liquid water (VIL) composites; precise lightning strike locations; the precipitation 
prediction system, RadVOR-OP as well as synoptic reports and the latest high resolution 
numerical analysis and forecast data.  
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Fig. 17. An example of NowcastMix. It combines and merges the output from several 
nowcasting systems into a hazard map. 

Since there are several nowcasting systems avaliable, NowCastMIX processes these 
available nowcast products together in an integrated grid-based analysis, providing a 
generic, optimal warning solution with a 5-minute update cycle.  The products are 
combined using a fuzzy logic approach (James et al 2011). The method includes estimates 
for the storm cell motion by combining raw cell tracking inputs from the KONRAD and 
CellMOS systems with vector fields derived from comparing consecutive radar images. 
Finally, the resulting gridded warning fields are spatially filtered to provide regionally-
optimized warning levels for differing thunderstorm severities for forecasters. NowCastMIX 
delivers a synthesis of the various nowcasting and forecast model system inputs to provide 
consolidated sets of most-probable short-term forecasts (Fig. 17). 

6.11 Japan – JMA 

Japan Meteorological Agency initiated their hazardous wind warning program in 2007. A 
hazardous-wind-possibility-index is calculated based on the NWP prediction of wind and 
radar reflectivity exceeding a threshold. An innovation is the use of a template matching 
technique for the detection of mesocyclones. Rankine vortex and divergence flow field 
templates of different intensity and spatial scale are generated and matched to the radial 
velocity field. This is done every five minutes. Detections on two consecutive time steps are 
required as a quality controlled metric. Then the two estimates are combined every ten 
minutes to estimate a hazardous wind potential. Nowcasting is based on a motion analysis. 
Different thresholds are statistically established and the success ratio (1-FAR) and the 
probability of detection (POD) are used to categorize the hazard level (Table 7). If level 2 is 
exceeded (see Fig. 18), then it alerts a forecaster to issue Hazardous Wind Watch. A 
forecaster may ignore the level 2 information, when: (i) the storm is near the boundary of a 
warning area and it will be out before the time of warning or (ii) the quality of radar data 
seems poor (e.g. AP or sea clutter). A forecaster can issue a warning at level 1 when (i) 
reliable report of a tornado/tornadoes and/or and (ii) strong gust (say, greater than 30 m/s) 
caused by a convective cloud. 
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Warning Level Criteria 
2 Success Ratio = 1- FAR = 5- 10% with POD=20-30% 
1 1-FAR= 1-5% and POD=60-70% 

Table 7. Hazardous Criteria Level 

 
Fig. 18. The processing steps for hazardous wind potential at JMA. It is typical of current 
systems where mesoscale NWP predictions are assumed to be good enough to match with 
the observations. 

6.12 SWAN – CHINA/CMA 

In 2008, the China Meteorological Administration (CMA) launched a campaign on the 
development of its first version of integrated nowcasting system SWAN (Severe Weather 
Analysis and Nowcast system). This system aims at providing an integrated, state-of-the-art 
and timely severe weather nowcast platform for operational forecasters at all levels over 
China. SWAN ingests data from China’s new generation Doppler radars (both S-band and 
C-band), automatic weather station, satellite, and mesoscale numerical weather prediction 
model. It offers a tool for severe weather monitoring, analysis, nowcasting and warnings 
such as flashing a real-time alert, driving next algorithm processes and sending a warning 
via SMS, etc.  

The server application includes several modules, such as providing log files for monitoring 
system behavior, configuring network environment, setting data acquisition parameters, 
performing quality control for radar data and AWS data, generating 3D radar reflectivity 
mosaic, running algorithm for nowcast products, analyzing observation data and providing 
message for alerting the forecasters. 
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The client refreshes real-time observations cycled in 5 min from radars and AWS (automatic 
weather stations) and provides real-time alerts (sounding, flashing) for indication of severe 
weather events (meeting certain thresholds such as wind speeds or rainfall amounts). It also 
provides an interactive tool for preparing, editing and issuing Nowcast and warning for 
severe weathers 

Based on quality control, a regional 3D reflectivity mosaic is produced by trying to fill the 
gaps that are generated by terrain blockage or AP. Products such as vertically integrated 
liquid (VIL) , echo top (ET) and COTREC winds are then derived. QPE algorithm involves 
extraction of convective echoes from stratiform echoes by texture and horizontal gradient 
properties. Different Z-R relations are used for convective rain and stratiform rain. COTREC 
(continuous tracking radar echo by correlation) vectors are echo motion vectors that are 
derived from moving radar reflectivity patterns through grid-to-grid cross-correlation and 
then adjusted by a horizontal non-divergence constraint for hourly nowcasts of rainfall (Li et 
al, 1995). This is blended with mesoscale numerical prediction model output for 2-3 hour 
nowcasts.  

SWAN provides real time verifications for storm tracking and reflectivity nowcasts. Storm 
track errors are shown as distance differences between observed storm tracks and predicted 
storm tracks (1h). Observed radar reflectivity are also verified against extrapolated 
forecasted reflectivity. 

Severe weather warnings can be prepared and issued through SWAN by graphical interface 
by circling an area on the screen, clicking an icon and doing some minor wording (Fig. 19). 
A web-based version of SWAN has been developed and deployed in Guangdong 
Meteorological Bureau.  

 
Fig. 19. A SWAN display showing cells/tracks (main screen), SCIT (bottom) and time 
histories of critical parameters (right). There are similarities with WDSS, NinJo and CARDS 
displays. 
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7. Conclusion 
The objective of this contribution was to provide a broad overview of the use of radar and 
radar networks for the provision of severe weather warnings and to very briefly describe 
historical legacies and current practice. The target audience are those NHMS’ who might be 
contemplating developing or enhancing such a service. Weather radar clearly plays a central 
role in this application. Not discussed are important applications such as nowcasting 
precipitation, quantitiative precipitation estimation, wind retrieval, data assimilation for 
numerical weather prediction, etc. It also does not address the convective initiation aspects 
(Roberts et al, 2006; Sun et al, 1991; Sun and Crook, 1994). For a reliable warning service, 
design, infrastructure (reliable power and telecommunications), support and maintenance 
are critical and were not discussed in this contribution. These are major considerations but 
out of scope for this contribution.   

The level and nature of the service will be determined by both meteorological and non-
meteorological factors. The prevalence of severe weather, climatology and a defining event 
determine the impact, the exposure and the opportunity to develop a warning service. 
Socio-economic factors, risk persona, as well as the organizational structure, are particularly 
important in the design and expectations for the radar processing, visualization and 
dissemination systems. This contribution provided a short global survey of radar based 
systems to illustrate the commonality but also the differences in implementation. One 
solution does not fit all.  Underlying these systems is the forecast process and it is 
emphasized that they all rely on human expertise in the decision-making process and so the 
human-machince mix is a critical item.  This will drive the expertise and therefore the 
training requirements for the severe weather analyst. 

This contribution highlighted the use of automation in the production of guidance products. 
Some systems rely on very little automation and totally rely on manual interpretation. All 
systems, except one, default to this mode. One of most highly automated systems is CARDS 
(Canada).  Automation is necessary because of the need for look at details for warning 
preparation purposes while maintaining situational awareness in the situation where one 
forecaster is responsible for about ten radars. It processes radar data for identifying and 
ranking thunderstorm cells and features.  It also creates highly processed image products to 
streamline and to guide the decision-making process.  It still relies on human decision-
making for the final preparation of the warning. KONRAD is the only system that produces 
totally automated products.  However, it could be argued that these products are directed to 
“sophisticated users” for their specific planning and decision-making purposes and not 
warning purposes. 

Given the limited space and time, all radar processing systems were inadequately described.  
There is room for improvement in describing all aspects of the processing chain from better 
algorithms (e.g. hail, hook echoes; Lemon, 1998; Wang et al, 2011) to advanced concepts 
where thermodynamic diagnostic fields, useful for understanding, are retrieved (Sun et al, 
1991; Sun and Crook, 1994). Through the description of specific innovative aspects of 
individual systems, and since there are commonalities amongst them, the intent was to 
provide the reader with an overview of the capabilities of all the systems. There is fine work 
being done elsewhere that is not represented; to name a few, Italy, Switzerland and Finland. 
Another glaring oversight is the lack of description of systems by manufacturers. Some even 
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offer the possibility for the NHMS to add their own specialized products into their systems. 
Many of the countries mentioned above in fact use a combination of products from their 
own systems and those of the manufacturers. Information is readily available in trade shows 
or on their web sites. The ideal requirement is a seamless, user-friendly integrated 
visualization, decision-making and production system to cover all scales (the seamless 
prediction concept) and this is the trend in many NHMS’ for all data, products and so radar 
only processing or visualization systems are an interim step towards this and requires 
investment, resources, time and effort to achieve.  NinJo and AWIPS (not described here) 
provides an example of how radar is expected to be integrated into a comprehensive 
forecast analysis, diagnosis, prognosis and production tool. 

The purpose of this contribution was to illustrate the issues faced by NHMS’s. There is a 
push to use meteorological technology as much as possible and to automate as much as 
possible. Computing technology is still a limiting factor – computers, telecommunications 
and data/product storage are all continuing issues that can always be faster and bigger. If 
there is the time, the resources and the expertise, manual interpretation of basic radar 
products is still the best way to provide severe weather warning services and to optimally 
utilize the considerable capabilities of the forecasters.  However, tools are needed to 
streamline and accelerate the process but this is highly dependent on organizational factors. 
Automated products introduce another level of complexity and knowledge requirement.  
They can be black boxes that bewilder the user. However, creating black boxes without 
diagnostic capabilities, providing poor tools and denying access to basic products and 
information, is self-defeating. It is a sure way of making smart people (appear) “dumb”. The 
algorithms aren’t perfect given the need for high POD.  They never will be and they can be 
better and substantial work on data quality, feature detection and prediction are needed. 
The systems described exhibit the great efforts and resources are expended to do this. 
Saving a single button click or a mouse movement can make the difference between a bad 
and a good system. This is difficult to describe as a requirement and prototyping and 
demonstration projects are the only way to appreciate this. 

While reliable weather radars and expertise play a central role in the warning process, this is 
still a challenge for many countries. Satellite and lightning systems are now available that 
have minimal support requirements.  Stand alone applications for severe weather can and 
are being developed for these system. In the absence of radars, there is no question that they 
will provide benefits but their efficacy, the forecast process and the service level for severe 
weather warnings need to be demonstrated. No doubt that they should also enhance 
existing systems that rely on weather radar networks.  This is occurring but beyond the 
scope of this contribution.  No convective scale warning service has been soley developed 
without radar and so this is a new area to investigate. Understanding the technology, 
interpretation of the data and the products will require more development, enhanced 
expertise, demonstration and decision-making skills. 

For the convective weather problem, dual-polarization radar will have benefits in data 
quality, hail detection and rainfall estimation but this is again beyond the scope of this 
contribution (Frame et al, 2009). Earth curvature and beam propagation preclude low level 
detection and so many of the hazardous phenomena are not actually measured beyond a 
few tens of kilometer from the radar site and must therefore be inferred from measurements 
aloft. The CASA (Cooperative Adapting and Sensing of the Atmosphere) is a network of X 
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training requirements for the severe weather analyst. 

This contribution highlighted the use of automation in the production of guidance products. 
Some systems rely on very little automation and totally rely on manual interpretation. All 
systems, except one, default to this mode. One of most highly automated systems is CARDS 
(Canada).  Automation is necessary because of the need for look at details for warning 
preparation purposes while maintaining situational awareness in the situation where one 
forecaster is responsible for about ten radars. It processes radar data for identifying and 
ranking thunderstorm cells and features.  It also creates highly processed image products to 
streamline and to guide the decision-making process.  It still relies on human decision-
making for the final preparation of the warning. KONRAD is the only system that produces 
totally automated products.  However, it could be argued that these products are directed to 
“sophisticated users” for their specific planning and decision-making purposes and not 
warning purposes. 

Given the limited space and time, all radar processing systems were inadequately described.  
There is room for improvement in describing all aspects of the processing chain from better 
algorithms (e.g. hail, hook echoes; Lemon, 1998; Wang et al, 2011) to advanced concepts 
where thermodynamic diagnostic fields, useful for understanding, are retrieved (Sun et al, 
1991; Sun and Crook, 1994). Through the description of specific innovative aspects of 
individual systems, and since there are commonalities amongst them, the intent was to 
provide the reader with an overview of the capabilities of all the systems. There is fine work 
being done elsewhere that is not represented; to name a few, Italy, Switzerland and Finland. 
Another glaring oversight is the lack of description of systems by manufacturers. Some even 
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offer the possibility for the NHMS to add their own specialized products into their systems. 
Many of the countries mentioned above in fact use a combination of products from their 
own systems and those of the manufacturers. Information is readily available in trade shows 
or on their web sites. The ideal requirement is a seamless, user-friendly integrated 
visualization, decision-making and production system to cover all scales (the seamless 
prediction concept) and this is the trend in many NHMS’ for all data, products and so radar 
only processing or visualization systems are an interim step towards this and requires 
investment, resources, time and effort to achieve.  NinJo and AWIPS (not described here) 
provides an example of how radar is expected to be integrated into a comprehensive 
forecast analysis, diagnosis, prognosis and production tool. 

The purpose of this contribution was to illustrate the issues faced by NHMS’s. There is a 
push to use meteorological technology as much as possible and to automate as much as 
possible. Computing technology is still a limiting factor – computers, telecommunications 
and data/product storage are all continuing issues that can always be faster and bigger. If 
there is the time, the resources and the expertise, manual interpretation of basic radar 
products is still the best way to provide severe weather warning services and to optimally 
utilize the considerable capabilities of the forecasters.  However, tools are needed to 
streamline and accelerate the process but this is highly dependent on organizational factors. 
Automated products introduce another level of complexity and knowledge requirement.  
They can be black boxes that bewilder the user. However, creating black boxes without 
diagnostic capabilities, providing poor tools and denying access to basic products and 
information, is self-defeating. It is a sure way of making smart people (appear) “dumb”. The 
algorithms aren’t perfect given the need for high POD.  They never will be and they can be 
better and substantial work on data quality, feature detection and prediction are needed. 
The systems described exhibit the great efforts and resources are expended to do this. 
Saving a single button click or a mouse movement can make the difference between a bad 
and a good system. This is difficult to describe as a requirement and prototyping and 
demonstration projects are the only way to appreciate this. 

While reliable weather radars and expertise play a central role in the warning process, this is 
still a challenge for many countries. Satellite and lightning systems are now available that 
have minimal support requirements.  Stand alone applications for severe weather can and 
are being developed for these system. In the absence of radars, there is no question that they 
will provide benefits but their efficacy, the forecast process and the service level for severe 
weather warnings need to be demonstrated. No doubt that they should also enhance 
existing systems that rely on weather radar networks.  This is occurring but beyond the 
scope of this contribution.  No convective scale warning service has been soley developed 
without radar and so this is a new area to investigate. Understanding the technology, 
interpretation of the data and the products will require more development, enhanced 
expertise, demonstration and decision-making skills. 

For the convective weather problem, dual-polarization radar will have benefits in data 
quality, hail detection and rainfall estimation but this is again beyond the scope of this 
contribution (Frame et al, 2009). Earth curvature and beam propagation preclude low level 
detection and so many of the hazardous phenomena are not actually measured beyond a 
few tens of kilometer from the radar site and must therefore be inferred from measurements 
aloft. The CASA (Cooperative Adapting and Sensing of the Atmosphere) is a network of X 
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Band radars that address this issue but it is in early-transitional development (McLaughlin 
et al, 2009; Ruzanski et al, 2011).  It also addresses the issue of rapid or adapting scan 
strategies (Heinselman et al, 2008) which is being investigated now but beyond the scope of 
this contribution. In any case, with increasing computing power, telecommunications, 
additional observations and new technology, these are exciting times. 
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dissipation rate based on the spectrum width data of the radar.  It is hoped that this chapter 
could serve as an introduction to the aviation applications of TDWR, for the reference of the 
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rain band with north-south orientation swept from east to west across Hong Kong.  More 
than 50 millimeters of rainfall in an hour were generally recorded over the territory and a 
record-breaking number of 13,102 cloud-to-ground lightning strokes were registered during 
the hour just after midnight.  When the thunderstorms edged close to the HKIA which is 
situated at the western part of the territory, gusty strong easterlies from the downdraft of 
the thunderstorm first affected the flight paths east of the airport resulting in an abrupt 
change in the prevailing winds from southwesterlies to easterlies. 

Two flights, which tried to land as the thunderstorms approached HKIA, aborted landing and 
diverted to Macao eventually.  Both flights approached the HKIA from the east under the 
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Fig. 1. The locations of the Hong Kong TDWR (red dot) radar and Hong Kong International 
Airport (HKIA). The blue beams illustrate the radar beams over the runways corridor 07LA 
of the airport with 1o azimuth interval. Three yellow lines indicate the approach paths and 
their names are marked.  

 
Fig. 2. Flight paths of the two aircraft which had to conduct missed approach. Red line 
indicated the flight path for the first aircraft and yellow for the second aircraft.  Orange 
wind barbs showed the locations of aircraft when tailwind was encountered.  The 1st and 2nd 
aircraft recorded tailwind of 37 and 22 knots respectively. 
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aborted landing was due to technical consideration.  In the second approach at around 00:08 
HKT (=UTC + 8 hours), it encountered strong tailwind.  Landing was subsequently aborted 
and the aircraft diverted to Macao thereafter.  Four minutes later, the second aircraft followed 
the same glide path of the first aircraft but also failed to land at the HKIA because of the same 
reason, i.e. the strong tailwind.  The aircraft was also diverted to Macao at 00:12 HKT. 

Flight data retrieved from the flight data recorders of the two aircraft was analyzed to reveal 
the meteorological conditions encountered by aircrafts.  It appeared that the missed 
approach was attributable to the strong tailwind which exceeded the airline pre-defined 
threshold, namely 15 knots for tailwind landing. 

According to the flight data, the first aircraft experienced more than 15 knots tailwind 
after it descended to below 1600 feet (Figure 3(a)) in its second approach.  The tailwind 
increased from 25 knots when the aircraft descended to 780 feet (labeled ‘A’ in Figure 3(a)) 
and strengthened to 37 knots at 708 feet at 00:08 HKT (labeled ‘B’ in Figure 3(a)), which 
far exceed the limit for tailwind landing.  As a result, diversion to other airport was 
conducted. 

The second aircraft also experienced the tailwind of around 15 knots when it descended to 
around 1600 feet.  The tailwind increased and reached 19 knots when the aircraft descended 
to 1423 feet (labeled ‘C’ in Figure 3(b)) but then decreased and fluctuated between 7 to 12 
knots when the aircraft further descended to 1028 feet (labeled ‘D’ in Figure 3(b)).  At 
around 00:12 HKT, the tailwind started to strengthen again and exceeded 15 knots.  The 
maximum tailwind experienced by the aircraft was 22 knots, which also exceeded the limit 
for tailwind landing, at 859 feet above the runway (labeled ‘E’ in Figure 3(b)).  Similar to the 
first aircraft, the second aircraft executed a missed approach due to the strong tailwind and 
was diverted to Macao. 

The TDWR also captured the wind conditions when the two aircraft conducted missed 
approaches.  Figures 4(a) and 4(b) showed the radial velocity measured by TDWR at 0008 
HKT and 0012 HKT 9 September respectively. Gusts reaching 27 m/s (i.e. around 50 knots) 
were captured by the TDWR over the eastern part of the HKIA.  The zero isotach, which 
marked the leading edge of the shear line, agreed well with that identified based on 
anemometer data. 

The HKO Windshear and Turbulence Alerting System (WTWS) integrates windshear and 
turbulence alerts generated by different algorithms such as Anemometer-based Windshear 
Alerting Rules-Enhanced (AWARE) (Lee, 2004), LIDAR Windshear Alerting System 
(LIWAS) (Shun and Chan, 2008), TDWR alerts and other algorithms. Alerts are then 
generated for 8 runway corridors (north runway and south runway have two arrival and 
two departure corridors each) and shown on a graphical display, the WTWS display.   

At 0008 HKT, the zero isotach over the HKIA detected by the TDWR was analyzed as a gust 
front and was shown on the WTWS display (Figure 5(a)).  In addition, microburst alerts, 
which represent windshear loss of 30 knots or more with precipitation, were provided by 
TDWR to the east of the HKIA; windshear alerts were generated from AWARE over the 
runways; turbulence alerts were in force due to the thunderstorm to the north of the HKIA.  
Over the 8 corridors of the HKIA, all had windshear alerts with magnitude ranging from 
+25 to +30 knots.  At 0012 HKT, although the gust front was not detected by the TDWR 
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anemometer data. 
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Alerting Rules-Enhanced (AWARE) (Lee, 2004), LIDAR Windshear Alerting System 
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generated for 8 runway corridors (north runway and south runway have two arrival and 
two departure corridors each) and shown on a graphical display, the WTWS display.   

At 0008 HKT, the zero isotach over the HKIA detected by the TDWR was analyzed as a gust 
front and was shown on the WTWS display (Figure 5(a)).  In addition, microburst alerts, 
which represent windshear loss of 30 knots or more with precipitation, were provided by 
TDWR to the east of the HKIA; windshear alerts were generated from AWARE over the 
runways; turbulence alerts were in force due to the thunderstorm to the north of the HKIA.  
Over the 8 corridors of the HKIA, all had windshear alerts with magnitude ranging from 
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(Figure 5(b)) any more, using the surface anemometers and TDWR base data, windshear 
alerts with magnitude ranging from +15 to +25 knots were issued for the four western 
corridors.  Meanwhile, areas with the microburst alerts shifted westwards and affected the 
eastern corridors.  WTWS issued microburst alerts of -35 knots to the four eastern corridors.  
During the event, the WTWS functioned properly and was able to provide adequate 
warning to the aircraft of the windshear to be expected due to the thundery weather. 

 
(a) 

 
(b) 

Fig. 3. Time series in HKT of tailwind in knots (red square) and aircraft altitude in feet (blue 
diamond) retrieved from the flight data recorders. (a) Flight data for the first aircraft. 
Tailwind reached 37 knots at 00:08 HKT. (b) Flight data for the second aircraft. 
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(a) 

 
(b) 

Fig. 4. Velocity measured by TDWR on 9 September 2010.  The cool/warm colors represent 
winds towards/away from the TDWR.  Area with gusts reaching 27 m/s was circled in 
black.  The zero isotach (gust front) was in purple.  (a) TDWR image at 0008 HKT; (b) TDWR 
images at 0012 HKT.  The zero isotach (gust front) moved westwards to the western end of 
HKIA. 
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(a) 

 
(b) 

Fig. 5. WTWS display on 9 September 2010.  Gust front analyzed by TDWR (purple line) 
over the HKIA; microburst alerts generated by TDWR (red solid band-aids); windshear 
alerts generated by AWARE (red hollow rectangles), by TDWR (red hollow irregular 
polygons); by LIDAR (red arrows, over the runways only); turbulence alert generated by 
TDWR (brown polygon with dots). Black numbers were the windshear magnitude in knots. 
(a) 0008 HKT on 9 September 2010.  A gust front was over the HKIA.  Windshear alerts were 
issued by the WTWS for all runway corridors.  LIDAR data was highly attenuated by 
precipitation and could only detect windshear over the runway.  (b) 0012 HKT on 9 
September 2010.  Microburst alerts of -35 knots were issued to the four eastern corridors.  
Windshear alerts with magnitude ranging from +15 to +25 knots were issued for the four 
western corridors.   
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3. Windshsear hazard factor based on TDWR 
In aviation meteorology, windshear refers to a sustained change of wind speed and/or wind 
direction that causes the aircraft to deviate from the intended flight path.  Low-level 
windshear (below 1600 feet) could be hazardous to the arriving/departing aircraft.  Hong 
Kong is situated in a subtropical coastal area and it is common to have intense convective 
weather in the spring and summer. To alert low-level windshear associated with microburst 
and gust front, a TDWR is operated by the Hong Kong Observatory (HKO) in the vicinity of 
HKIA (Figure 1).  It is a C-band radar with 0.5-degree half-power beam width scanning over 
the airport and determines convergence/divergence features along the runway orientation 
from the Doppler velocities.  Windshear alerts are generated when the velocity change is 15 
knots or more. 

Another index that quantifies the windshear threat is the F-factor (Proctor et al., 2000).  It is 
based on the fundamentals of flight mechanics and the understanding of windshear 
phenomena.  The F-factor could also be calculated from the Quick Access Recorder (QAR) 
data recorded on the commercial jets (Haverdings, 2000).  In this study, an attempt is made 
to calculate F-factor for some typical microburst events at HKIA based on the TDWR 
measurements and the results are compared with the F-factor determined from the QAR 
data. 

F-factor is calculated from TDWR’s radial velocity data in two steps.  First of all, 
convergence/divergence features are identified from the TDWR data.  Then F-factor is 
determined from each convergence/divergence feature by assuming a wind field model of 
microburst.  The two steps are briefly described below. 

To compute convergence/divergence features, the method described in Merritt (1987) is 
adopted.  The TDWR microburst detection algorithm identifies microburst by searching for 
significant velocity difference along a radial in a search window of 4 range gates (4 x 150 
metres per gate = 600 metres in length, and one degree in azimuth).  If the windshear along 
a search window is divergent (i.e. radial wind generally increases with increasing distance 
from the radar), the search window is taken to be a divergence shear segment.  Likewise, 
convergence shear segment is also identified. 

Two divergence/convergence segments are associated as a divergence/convergence shear 
features if their minimum overlap in range is 0.5 km or if their maximum angular spacing is 
2 degrees azimuth.  A divergence/convergence region contains at least 4 shear segments 
with a minimum length of 0.95 km and a minimum area of 1 km2.  Moreover, the maximum 
velocity difference among the shear segments inside a divergence region should be at least 5 
m/s. As such, the shear within a divergence region is at least 5 m/s per 600 m, i.e. 0.008 
m/s/m. 

F-factor is related to the total aircraft energy and its rate of change, and is defined to be: 

  x

a

W wF
g V

 


 (1) 

where xW  is the component of atmospheric wind directed horizontally along the flight path 

(direction x) and xW  its rate of change, g the acceleration due to gravity, w the updraft of 
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(a) 

 
(b) 

Fig. 5. WTWS display on 9 September 2010.  Gust front analyzed by TDWR (purple line) 
over the HKIA; microburst alerts generated by TDWR (red solid band-aids); windshear 
alerts generated by AWARE (red hollow rectangles), by TDWR (red hollow irregular 
polygons); by LIDAR (red arrows, over the runways only); turbulence alert generated by 
TDWR (brown polygon with dots). Black numbers were the windshear magnitude in knots. 
(a) 0008 HKT on 9 September 2010.  A gust front was over the HKIA.  Windshear alerts were 
issued by the WTWS for all runway corridors.  LIDAR data was highly attenuated by 
precipitation and could only detect windshear over the runway.  (b) 0012 HKT on 9 
September 2010.  Microburst alerts of -35 knots were issued to the four eastern corridors.  
Windshear alerts with magnitude ranging from +15 to +25 knots were issued for the four 
western corridors.   
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where xW  is the component of atmospheric wind directed horizontally along the flight path 

(direction x) and xW  its rate of change, g the acceleration due to gravity, w the updraft of 
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the atmosphere, and Va the airspeed of the aircraft.  By estimating the updraft from mass 
continuity constraint, it is shown to be equivalent to: 

   2gx

a

VW hF
x g V

 
  

   
 (2) 

where Vg is the ground speed of the aircraft, and h the altitude above ground. 

For each convergence/divergence feature captured by the TDWR, the velocity change ΔU 
and the distance over which this change occurs ΔR are calculated.  It is shown in Hinton 
(1993) with reference to a microburst model that F-factor could be calculated from: 
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where K = 4.1925, α = 1.1212, hr the above-ground-level (AGL) altitude of the TDWR radar 
beam, L the characteristic shear length of 1000 m, and erf(y) the error function. 

The microburst model in Hinton (1993) includes a shaping function which describes the 
change in microburst outflow with altitude.  This function is given by: 
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where h is the altitude above ground and H the altitude of maximum outflow speed 
(assumed to be 90 m).  The F-factor F1 from the TDWR at the radar beam altitude h1 is then 
related to the F-factor F2 of the aircraft at the altitude h2 by the following equation: 
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Combining (3) – (5) and with ΔU and ΔR determined, the F-factor associated with a 
divergence/convergence feature at the altitude of the aircraft along the glide path could be 
calculated. 

For the formulation in (1), F-factor is positive if the windshear is performance decreasing 
(headwind decreasing or downdraft) and negative if the windshear is performance 
increasing (headwind increasing or updraft).  As discussed in Proctor et al. (2000), for 
onboard windshear systems, the windshear is considered to be hazardous if F is greater than 
0.1, and a must alert threshold is set to be 0.13.  The must alert threshold means a wind shear 
alert must be issued when that threshold is reached/exceeded. 

A microburst event that affected HKIA on 18 May 2007 is considered here as an illustration 
of the method.  In the evening of that day, a surface trough of low pressure lingered around 
the south China coast, bringing unsettled weather to the region.  Between 09 and 10 UTC (5 
and 6 p.m. of 18 May 2007), a band of strong radar echoes with east-northeast to west-
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southwest orientation moved southeastwards from inland areas across the coast.  At HKIA, 
the TDWR issued microburst alerts of 30 knots headwind loss for the aircraft between 09:20 
and 09:27 UTC. 

Figure 6(a) shows the moment when a microburst associated with the thunderstorms 
affected the runway corridors to the east of HKIA.  Divergent flow feature was found at 0.6-
degree conical scan of TDWR.  For an aircraft arriving at the north runway of HKIA 
(location in Figure 1) from the east, the windshear associated with the microburst is 
performance decreasing (due to decreasing headwind).  Using the formulae above, the F-
factor for the microburst is determined to be about 0.14, which exceeds the must alert 
threshold and the windshear associated with the microburst is considered to be hazardous 
to the aircraft.  Flight data are obtained for an aircraft arriving at the north runway from the 
east at that time.  They are processed by the algorithm in Haverdings (2000) and the 
variation of F-factor along the glide path is shown in Figure 6(b).  At about the location of 
the microburst (near the eastern threshold of the north runway), the F-factor is found to be 
about 0.13, which is generally consistent with the value determined from TDWR data.  Thus 
for microburst associated with the thunderstorm, the F-factor determined from TDWR 
measurements and that from QAR data of the aircraft are comparable with each other.  The 
other peaks/troughs of F-factor from the QAR data (Figure 6(b)) are not revealed in the 
TDWR measurements.  They may not be properly handled by the microburst model for F-
factor calculation. 

 
Fig. 6. (a) Divergence features (highlighted in lighter colours) associated with microburst on 
18 May 2007, overlaid on the radial velocity from the TDWR (colour scale on the right).  F-
factor of each feature is given as a number next to the box indicating the location of the 
feature.  (b) F-factor as recorded on an aircraft flying at about the same time as in (a) along 
the glide path shown as a red arrow in (a).  The red arrow in (b) is the approximate location 
of the windshear feature encountered by the aircraft. 

To study the change in the F-factor following the evolution of the microburst, the intense 
convective event on 8 June 2007 is considered.  Severe gusts associated with thunderstorms 
and microburst with a recorded maximum of 35.9 m/s affected HKIA in the morning of that 
day.  A helicopter parked on the apron toppled in strong winds during the passage of the 
intense storm cells.  We just focus on the windshear hazard associated with the microburst.  
The divergence features determined from the radial velocity of the TDWR at 0.6-degree 
conical scans are shown in Figure 7.  Stronger winds associated with the microburst got 
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the atmosphere, and Va the airspeed of the aircraft.  By estimating the updraft from mass 
continuity constraint, it is shown to be equivalent to: 
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where Vg is the ground speed of the aircraft, and h the altitude above ground. 
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where K = 4.1925, α = 1.1212, hr the above-ground-level (AGL) altitude of the TDWR radar 
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Combining (3) – (5) and with ΔU and ΔR determined, the F-factor associated with a 
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Fig. 6. (a) Divergence features (highlighted in lighter colours) associated with microburst on 
18 May 2007, overlaid on the radial velocity from the TDWR (colour scale on the right).  F-
factor of each feature is given as a number next to the box indicating the location of the 
feature.  (b) F-factor as recorded on an aircraft flying at about the same time as in (a) along 
the glide path shown as a red arrow in (a).  The red arrow in (b) is the approximate location 
of the windshear feature encountered by the aircraft. 

To study the change in the F-factor following the evolution of the microburst, the intense 
convective event on 8 June 2007 is considered.  Severe gusts associated with thunderstorms 
and microburst with a recorded maximum of 35.9 m/s affected HKIA in the morning of that 
day.  A helicopter parked on the apron toppled in strong winds during the passage of the 
intense storm cells.  We just focus on the windshear hazard associated with the microburst.  
The divergence features determined from the radial velocity of the TDWR at 0.6-degree 
conical scans are shown in Figure 7.  Stronger winds associated with the microburst got 



Doppler Radar Observations –  
Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications 

 

84

closer to the ground level (about 260 m above mean sea level at the location of the 
microburst) in a short time interval within 3 minutes, with the maximum value of towards-
the-radar velocity increasing from 18 m/s (dark blue in Figure 7) to 23 m/s (magenta in 
Figure 7).  As a result, the F-factor increases in magnitude from 0.14 to 0.23, which exceeds 
the must alert threshold.  The TDWR-based F-factor provides a good indication about the 
level of hazard associated with an evolving microburst. 

 
Fig. 7. Time series of the divergence feature associated with a microburst on 8 June 2007.  
The feature is highlighted in lighter colour and enclosed in a box.  The number next to the 
box is the F-factor calculated for the feature.  The background is the radial velocity from the 
TDWR, with the colour scale given in Figure 6. 

Besides intense convective weather, the windshear hazard in terrain-disrupted airflow is 
also studied.  The Typhoon Prapiroon case on 3 August 2006 is considered.  On that day, 
Prapiroon was located at about 200 km to the southwest of Hong Kong over the South China 
Sea and tracked northwest towards the western coast of southern China.  This typhoon 
brought about gale-force east to southeasterly airflow to Hong Kong.  Due to complex 
terrain to the south of the airport, airflow disturbances occurred inside and around HKIA.  
Divergent flow features were observed near the airport from time to time.  Figure 8(a) 
shows such a feature at 0.6-degree conical scan of the TDWR at about 4:47 a.m., 3 August.  
The F-factor associated with this feature is about 0.22, which exceeds the must alert 
threshold for windshear.  An aircraft landed at the north runway of HKIA from the west at 
about that time (within one minute).  The variation of the F-factor determined from QAR 
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data along the glide path is given in Figure 8(b).  At the location of the microburst, the F-
factor from the aircraft is comparable with that calculated from the TDWR data, even for 
this case of terrain-disrupted airflow.  As discussed in the first case study, the other 
peaks/troughs of F-factor from the QAR data (Figure 8(b)) are not revealed in the TDWR 
measurements.  They may not be properly handled by the microburst model for F-factor 
calculation. 

 
Fig. 8. (a) Divergence features (highlighted in lighter colours) associated with windshear in 
terrain-disrupted airflow on 3 August 2006, overlaid on the radial velocity from the TDWR 
(colour scale given in Figure 6).  F-factor of each feature is given as a number next to the box 
indicating the location of the feature.  (b) F-factor as recorded on an aircraft flying at about 
the same time as in (a) along the glide path shown as a blue arrow in (a).  The red arrow in 
(b) is the approximate location of the windshear feature encountered by the aircraft. 

4. Calculation of turbulence intensity 
The measurement of spectrum width is determined not only by the Doppler velocity 
distribution and density distribution of the scatterers within the resolution volume, but 
also radar observation parameters like beamwidth, pulse width, antenna rotation rate, etc. 
According to Doviak and Zrnic (2006), there are five major spectral broadening 
mechanisms that contribute to the spectrum width measurements, which can be written as 
follow 

 2 2 2 2 2 2
v s t d o           (6) 

where s represents mean wind shear contribution, t represents turbulence,  represents 
antenna motion, d represents different terminal velocities of hydrometeors of different 
sizes, and o represents variations of orientations and vibrations of hydrometeors. Except s 

andt, the rest of the terms on the right hand side of the Eq.(6) are considered to be 
negligible for the measurements of v in this paper (Brewster and Zrnic, 1986). Thus the 
turbulence term s can be obtained,  

 t2v2 -s2 . (7) 

In the Eq.(7), mean wind shear width term s can be decomposed into three terms due to 
mean radial velocity shear at three orthogonal directions in radar coordinate(Doviak and 
Zrnic, 2006): 
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The measurement of spectrum width is determined not only by the Doppler velocity 
distribution and density distribution of the scatterers within the resolution volume, but 
also radar observation parameters like beamwidth, pulse width, antenna rotation rate, etc. 
According to Doviak and Zrnic (2006), there are five major spectral broadening 
mechanisms that contribute to the spectrum width measurements, which can be written as 
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where s represents mean wind shear contribution, t represents turbulence,  represents 
antenna motion, d represents different terminal velocities of hydrometeors of different 
sizes, and o represents variations of orientations and vibrations of hydrometeors. Except s 

andt, the rest of the terms on the right hand side of the Eq.(6) are considered to be 
negligible for the measurements of v in this paper (Brewster and Zrnic, 1986). Thus the 
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In the Eq.(7), mean wind shear width term s can be decomposed into three terms due to 
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 2 2 2 2
      s s s sr

2 2 2
0 0( ) ( ) ( )        r rr k r k k , (8) 

where r2 = (0.35c/2)2,  2 = 12/16ln2, and 2 = 12/16ln2. Here c/2 is range resolution, 
and 1is the one-way angular resolution (i.e., beamwidth). k, k, and kr are the components 
of shear along the three orthogonal directions. 

In order to use t to estimate eddy dissipation rate (EDR) , it must be assumed that within 
radar resolution volume turbulence is isotropic and its outer scale is larger than the 
maximum dimension of the radar’s resolution volume (which is indicated as V6). Under 
these assumptions, in the case of r r    the relation between turbulence spectrum width 
t and EDR  can be approximately written as (Labitt, 1981) 
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where A is constant (i.e., about 1.6). When r r   , the relation can be approximated by  
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Eqs. (9) and (10) are used to estimate EDR using Hong Kong TDWR observed spectrum 
width. 

In hazardous weather mode, the Hong Kong TDWR conducts sector scans from azimuth 
182o to 282o (i.e., confined to the approach and departure paths). Each sector scan takes 
about 4 minutes. Thus, the low altitude wind shear can be detected within a minute. The 
range and angular resolutions of the radar are 150 m and 0.5o respectively. The maximum 
range reaches 90 km. The radar data includes reflectivity, Doppler velocity, spectrum width, 
and signal-to-noise ratio (SNR) recorded with the azimuth interval of 1o. 

Based on the Eqs. (9) and (10), EDR can be estimated when spectrum width observation is 
available. In this feasibility study, EDR estimation is only performed at the lowest elevation 
angle of 0.6o. The vertical wind shear contribution to the EDR is calculated by using spatially 
averaged mean Doppler velocity at two lowest elevation angles. Because the closest two 
elevation angles at lowest level are 0.6o and 1.0o at scans 11 and 12, vertical wind shear is 
calculated by using the Doppler velocity fields at these two scans. For simplicity, EDR is 
estimated at scan 17 with elevation angle of 0.6o. Azimuthal and radial wind shear is also 
calculated at this scan. So in the current algorithm, one EDR field at elevation angle of 0.6o 
will be generated for each volume scan. 

The control of the TDWR spectrum width data quality is very important for EDR estimation. 
It has been found that there is a variety of sources of errors in spectrum width 
measurements in previous studies (Fang et al. 2004). Especially if signal to noise ratio (SNR) 
is low, spectrum width measurements have large variance. In this study, SNR > 20 dB is 
assigned as a simple and straightforward threshold for the EDR estimates. In other words, 
EDR at the gate with SNR < 20 dB is marked as missing data (MD) in our algorithm. In the 
future, more comprehensive quality control processor will be designed and implemented in 
our algorithm to deal with other error sources. 
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Following international practice, EDR values are classified into four categories in terms of 
the intensity of turbulence. For convenience and in line with alerting purpose of low-level 
turbulence, EDRs in the following figures and context will be labeled or indicated as 
insignificant (LL), light (L), moderate (M), and severe (S) instead of its value. It is also worth 
mentioning that EDR values presented in this paper are derived from the spectrum width 
data after smoothing by using a 9 point median filter along the radar beams in order to 
suppress the fluctuations in the determination of spectrum width values.   This kind of 
fluctuation is expected, for instance, to arise from the limited and finite number of data 
points in the digitization of the spectrum of the return signal.   

The spectrum width errors are large in region of low SNR. Here we selected a case to 
demonstrate the importance of the SNR threshold in the quality control of EDR data. Around 
21 UTC on 6 June 2008, the TDWR radar observed thunderstorms over HKIA. Without SNR 
threshold, estimated EDR suggested severe turbulence region (red color; Figure 9(a)) in the 
region about azimuth of 270o and centered at about 25 km. High spectrum widths (~4.5 m/s) 
are indeed measured in this region (see Figure 9(c)). But reflectivity (Figure 9(e)) and SNR 
(Figure 9(d)) are around -8 dBZ and 10 dB respectively. The relatively large spectrum widths 
in this region can be caused by incorrect noise power estimates (Fang et al., 2004). To avoid 
such biases, we use a SNR threshold of 20 dB as recommended by Fang et al., (2004). 

 
Fig. 9. (a) EDR, (b) EDR with SNR> 20 dB, (c) spectrum width, (d) SNR, (e) reflectivity, and 
(f) Doppler velocity at elevation angle of 0.6o at 21:28 UTC on 6 June 2008. Range ring is 50 
km and azimuths are every 30o.  
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width. 
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assigned as a simple and straightforward threshold for the EDR estimates. In other words, 
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On the other hand, there are two small regions near the radar at the range of 6 km where 
EDR is also high. But in this region there is relatively strong horizontal shear of the radial 
wind component (Figure 9(f); green color identifies the wind has a component toward the 
radar and red color indicates wind is away from the radar). Furthermore, the reflectivity is 
about 10 dBZ and SNR is around 35 dB. Because this region is on the downwind side of 
Lantau Island, the ambient flow (green in Figure 9(f)) is blocked by the Island and back flow 
(red in Figure 9(f)) is induced. The wind shear contributions, computed using Eq. (8), have 
been removed from the calculation EDR presented in Figure 9(a). Thus the EDR should not 
be biased by strong shear of mean radial wind. Thunderstorm outflow may be another 
reason for the severe turbulence in this region.  Because there is no strong horizontal shear 
of the Doppler velocity field in the region 270o and 25 km, we conclude that the large EDRs 
presented in in that region of Figure 9(a) are unrealistic. After a threshold SNR> 20 dB is 
applied, it can be seen that these large EDR values are removed (Figure 9(b)). 

Using the Hong Kong TDWR observations in 2006 and 2008, many EDR maps were 
produced and examined. Here wind shear contribution has been removed from spectrum 
width measurements. Here the mean wind shears in horizontal and vertical directions are 
calculated by using mean radial velocity field smoothed by a 9 points median filter along the 
radar beam in the Eq.(8). Figure 10 shows two typical EDR maps during light rain at 21:32 
UTC on 27 April 2006 (Figure 10(a)) and during a thunderstorm at 13:17 UTC on 13 June 
2008 (Figure 10(b)). For most of the scanned area, EDR is low and turbulence is classified as 
insignificant or light (green and light blue). Small pockets of moderate and severe 
turbulence (yellow and red) are scattered in the scanned area. Near the Lantau Island, 
moderate and severe levels of turbulence are frequently observed in the cases we studied. 
The blockage of the Island on the ambient flow may be a reason for the occurrence of the 
turbulent airflow. Based on the numerical simulations, Clark et al. (1997) and Chan (2009) 
found that mechanical effect of a mountainous island is a source of the generation of the 
turbulence.   

Clear air cases have been investigated as well, but we found that SNR of the Hong Kong 
TDWR is too low to provide reliable and meaningful EDR maps.  

After the EDR maps were generated, EDR profiles along the flight paths can be compared with 
aircraft measured EDR. A total of 14 cases are selected to make the comparison. The aircraft 
EDRs are estimated based on the vertical wind measured by aircraft (Cornman et al., 2004).  

Radar derived EDR profile is constructed by selecting the EDR in a resolution volume V6 
closest to the flight path and at an elevation angle of 0.6o. There are still differences in the 
measurement heights between the aircraft and the radar beam for these two EDR datasets.  
Only a part of the flight path is covered by the radar beam. For example, aircraft 
approaching runway 25RA is in the radar beam only at the distance between 0.5 and 1.5 nm 
from the end of runway. From this point of view, EDRs estimated by aircraft and the radar 
would be compared within this distance interval. It should also be mentioned that radar 
estimated EDR is based on the spectrum width of the Doppler velocity, i.e. velocity in the 
radial direction along a radar beam. On the other hand, the aircraft estimated EDR is based 
on the vertical wind. As such, the two EDR datasets are derived from different components 
of the wind. Put aside errors in measurement, in order to have agreement turbulence must 
be isotropic.    
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Fig. 10. EDR maps (a) at 21:32 UTC on 27 April 2006 and (b) 13:17 UTC on 13 June 2008.  The 
mountainous Lantau Island is located to the south of the radar scans. 

Another issue of the comparison is the contribution of mean wind shear to the measured 
spectrum width. For the estimation of EDR, the contribution of wind shear has to be 
extracted from the radar measured spectrum width. But for the comparison with aircraft 
measured EDR or even turbulence alert for aviation safety, wind shear might not need to be 
removed. For example if the aircraft experiences a sharp change in altitude, this may not be 
caused by isotropic turbulence but it is a measure of aircraft response to vertical shear of 
mean wind. As such, the aircraft estimated EDR based on vertical velocity may be slightly 
higher. Pilots and passengers in aircraft may also experience severe “turbulence”, which is a 
combination of the effects of both turbulence and wind shear.   

Scatterplots of median and maximum EDR along the 5 nm of flight paths estimated by 
aircraft and radar are shown in Figure 11. Two plots for each are shown; one in which mean 
wind shear contributions to the observed spectrum widths are removed and a second plot in 
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On the other hand, there are two small regions near the radar at the range of 6 km where 
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which mean wind shear contribution has been retained. All median EDRs are smaller than 
0.4 2/3 /m s (i.e., moderate or light turbulence). 13 of 14 median EDRs indicate turbulences 
are light. Based on maximum EDRs, two severe turbulent patches (EDR > 0.5 2/3 /m s ) are 
detected by both aircraft and radar with wind shear, but they are not on the same flight 
paths. With wind shear contribution, median and maximum radar EDRs evidently increase. 

 
Fig. 11. Scatterplots of median and maximum EDR estimated by aircraft and radar along the 
5 nm of flight paths for the selected 14 cases. 

Comparing maximum intensity between aircraft and radar without wind shear, 8 of the 14 
cases are in the same category. Seven of them are moderate turbulence. For 4 aircraft 
estimated light turbulence cases, the radar tends to overestimate them as moderate (3 cases) 
and severe (1 case) with wind shear contribution. After closer examination of the 
overestimation case at 07:17 UTC on 25 June 2008, it is found that the maximum severe 
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turbulence only occurs at one radar gate at the distance of 0 nm, closest to the end of the 
runway. It is noted that at this location, the radar beam is higher than the flight path by 
about 160m.  

We have also compared aircraft and radar estimated EDR profiles including wind shear 
contribution along the aircraft flight path. For this case, aircraft B777 flew through a storm 
with maximum reflectivity of 42 dBZ and landed in clouds and light rain at HKIA.    

Figure 12 shows the EDR estimated by aircraft and the radar along the flight path 25RA 
around 13:05 UTC on 19 April 2008. It is one of the two cases in which severe turbulence 
was encountered by the aircraft. Blue dots in Figure 13 represent the EDR estimated by the 
aircraft as it was landing at HKIA. Three peaks over 0.5 2/3 /m s , classified as severe 
turbulence, are recorded at distance of 0.77, 3.65, and 4.90 nm away from the runway end. 
EDR profiles estimated by using radar data at an elevation angle of 0.6o with the wind shear 
contribution included in the volume scans around 13:05 UTC are overlaid onto the aircraft 
estimated EDR in Figure 13. The radar estimated EDR profiles at 13:01, 13:05, and 13:09 UTC 
(brown dots, red squares, and green dots in Figure 13) matches well with aircraft EDR 
between distance of 0.5 and 1.5 nm, shaded in green color in Figure 13, where the aircraft 
was in a region common to the 0.6o radar beam. It means that radar and aircraft were 
measuring turbulence in approximately the same region at nearly the same time.  

 
Fig. 12. (a) EDR, (b) spectrum width, (c) reflectivity factor, and (d) Doppler velocity at 
elevation angle of 0.6o at 13:05 UTC on 19 April 2008. Range ring is at 10 km.  

The peaks of these 3 EDR profiles at 13:01, 13:05, and 13:09 UTC are in the green shaded 
interval and the maximum value is 0.48 2/3 /m s , just slightly smaller than 0.5 2/3 /m s . In 
order to find if there are higher EDR near the flight time (13:05 UTC), we examined the EDR 
for the two scans one minute before and after the passage of the aircraft at 13:05 UTC in the 
same volume scan at 13:05 UTC. The profiles are shown with light and dark purple dots in 
Figure 13. High EDRs with values of 0.69 and 0.76 2/3 /m s  are found within the shaded 
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interval. This convinces us that the EDR peak is not caused by random error of radar 
measurements. 

 
Fig. 13. EDR along the flight path estimated by the aircraft B777 (blue dots) at 13:05 UTC and 
by the TDWR radar at the time indicated in the legend on 19 April 2008. X axis is the 
distance between aircraft and the end of runway. The distance interval shaded by the green 
color indicates where the aircraft passes through the altitude interval observed with the 0.6o 
elevated beam. 

It raises another question: the aircraft may contaminate the radar measurements of the 
atmospheric status, since the aircraft disturbs the atmosphere and changes the original 
atmospheric condition in the measurement region as it flies by. In addition, aircraft itself as 
a target embedded in other scatterers, such as raindrops, may contaminate the spectrum 
width measurements as well. Both of the two factors could affect spectrum width and EDR 
value.  

It could also be seen that the radar EDR profiles do not match the two aircraft estimated 
EDR peaks at the distance of 3.65 and 4.90 nm. It might be caused by the spatial difference 
between the aircraft and the radar beams. The flight heights at the distance of 3.65 and 4.90 
nm are higher than the radar beams by about 260 m and 400 m respectively.  

Wind shear contribution to spectrum width measurement for this case has been examined. 
After removing wind shear contribution, the EDR peak at the distance of 0.69 nm is reduced 
from 0.48 to 0.46 2/3 /m s (not shown) at 13:05 UTC. It means that wind shear contribution is 
small in this region. Because wind shear of the large scale mean wind should be persistent 
over the 4 minute for entire volume scan, the EDR peaks without wind shear contribution at 
13:04 and 13:06 UTC at the distance of 0.69 nm are reduced to 0.67 and 0.74 2/3 /m s  
respectively. It indicates severe turbulence that is matched with aircraft estimate at 13:05 
UTC.  

Note that the aircraft estimated EDR is considered as ground truth in the above analysis, but 
it also contains errors and requires significant QC effort, especially as airplane is climbing or 
descending (Gilbert et al., 2004).  
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5. Conclusion 
This chapter discusses the aviation applications of TDWR.  This radar issues microburst 
alerts which are crucial in the assurance of aviation safety.  A typical case of microburst 
detection by TDWR in association with intense thunderstorms is described first in this 
chapter.  Then the applications of TDWR in the alerting of windshear and turbulence are 
described.  Windshear is alerted through the calculation of windshear hazard factor, which 
is a rather well established technology.  On the other hand, the use of spectrum width data 
from the radar in the alerting of turbulence has a relatively shorter development history, 
and the technology is under exploration in Hong Kong. 

Study is underway in Hong Kong to use X-band radar in the alerting of windshear and 
turbulence on experimental basis at the Hong Kong International Airport.  The use of long-
range S band radar in the alerting of turbulence for enroute aircraft is also under study.  
Such progress of these studies would be reported in the future. 
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1. Introduction 
The somewhat inelegant term, nowcasting, was devised in the mid-1970s (Browning, 1980). It 
encapsulates a broad spectrum of observation intensive techniques developed for predicting 
the weather up to a few hours ahead.  These techniques are reliant on the rapid processing 
of high resolution data sets collected by weather radars and satellites. As such, the evolution 
of nowcasting as a branch of operational meteorology has been closely bound up with post-
second world war advances in remote sensing, telecommunications and digital computing. 
A comprehensive treatment of the subject matter is beyond the scope of this Chapter.  In a 
book about Doppler radar the authors make no apology for focusing on radar based 
nowcasts of precipitation. 

We begin with a brief justification for the use of nowcasts in operational meteorology. 
This is followed by an overview of nowcasting techniques. A description of some of the 
key, historical developments in nowcasting is followed by sections on deterministic 
extrapolation-based nowcasting techniques, errors in precipitation nowcasts and their 
treatment within nowcasting system frameworks. The remaining sections consider 
advances in high resolution Numerical Weather Prediction (NWP) model-based 
nowcasting and review some of the issues and developments surrounding the 
application of quantitative precipitation nowcasts (QPN) to hydrological forecasting and 
warning. The Chapter closes with a brief consideration of future prospects for 
nowcasting. 

2. An overview of nowcasting techniques 
Operational weather forecasts are produced by primitive equation models known 
collectively, as Numerical Weather Prediction models. The predictive skill of these models is 
limited by a number of factors including the accuracy and coverage of routinely available 
weather observations, the extent to which their model formulations and grid lengths allow 
the relevant physical and dynamical processes to be modelled accurately, and the non-linear 
response of the atmospheric system to small perturbations in its state. 
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1. Introduction 
The somewhat inelegant term, nowcasting, was devised in the mid-1970s (Browning, 1980). It 
encapsulates a broad spectrum of observation intensive techniques developed for predicting 
the weather up to a few hours ahead.  These techniques are reliant on the rapid processing 
of high resolution data sets collected by weather radars and satellites. As such, the evolution 
of nowcasting as a branch of operational meteorology has been closely bound up with post-
second world war advances in remote sensing, telecommunications and digital computing. 
A comprehensive treatment of the subject matter is beyond the scope of this Chapter.  In a 
book about Doppler radar the authors make no apology for focusing on radar based 
nowcasts of precipitation. 

We begin with a brief justification for the use of nowcasts in operational meteorology. 
This is followed by an overview of nowcasting techniques. A description of some of the 
key, historical developments in nowcasting is followed by sections on deterministic 
extrapolation-based nowcasting techniques, errors in precipitation nowcasts and their 
treatment within nowcasting system frameworks. The remaining sections consider 
advances in high resolution Numerical Weather Prediction (NWP) model-based 
nowcasting and review some of the issues and developments surrounding the 
application of quantitative precipitation nowcasts (QPN) to hydrological forecasting and 
warning. The Chapter closes with a brief consideration of future prospects for 
nowcasting. 

2. An overview of nowcasting techniques 
Operational weather forecasts are produced by primitive equation models known 
collectively, as Numerical Weather Prediction models. The predictive skill of these models is 
limited by a number of factors including the accuracy and coverage of routinely available 
weather observations, the extent to which their model formulations and grid lengths allow 
the relevant physical and dynamical processes to be modelled accurately, and the non-linear 
response of the atmospheric system to small perturbations in its state. 
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Whilst current, operational NWP models are now beginning to resolve important processes 
such as convection (Lean et al., 2008), their predictive skill generally remains very limited at 
the convective scales. Furthermore, current computational constraints restrict their 
operational forecast update cycles to hours, whereas convective phenomena typically 
exhibit life times of tens of minutes. Thus, NWP-based forecasts of local weather (Browning, 
1980) have tended to be rather poor and their use for local forecasting has, until very 
recently, often been limited to general guidance at the regional scale. 

From the 1960s onwards, the availability in near real time of increasingly sophisticated, 
spatially contiguous, radar and satellite observations, particularly of precipitation or proxies 
for it, offered the prospect of very short range, local forecasting by extrapolation – the 
concept of exploiting persistence, either in an Eulerian or Lagrangian reference frame 
(Germann & Zawadzki, 2002), to make weather predictions with sufficient rapidity to 
circumvent the perishability of the data. Browning (1980) clarified the relative merits of 
extrapolation nowcasts and NWP forecasts (see Figure 1), suggesting that the former were of 
superior accuracy up to 6 hours ahead. 

 
Fig. 1. A schematic diagram after Browning (1980) conceptualizing the relationship between 
forecasting methodology, skill and forecast range. 

The predictability of extrapolation-based precipitation nowcasts and the forecast range at 
which these nowcasts must hand over to NWP to achieve optimal predictive skill have been 
explored by a number of authors (e.g. Browning, 1980; Zawadzki et al., 1994; Germann & 
Zawadzki, 2002; German et al., 2006; Bowler et al., 2006). Recent implementations of 
convective scale NWP model forecasts are now reducing the useful range of extrapolation-
based nowcasts to a few hours ahead, as discussed later in this Chapter. 
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In the following section, we describe some of the key milestones in radar-based precipitation 
nowcasting and review these in the context of parallel advances in relevant areas of science 
and technology. 

3. Radar-based nowcasting – A brief history  
3.1 Origins of weather radar,  and early research 

Operational weather radar has its origins in the development of military radar during 
World War Two. The invention of the resonant cavity magnetron by John Randall and 
Harry Boot at the University of Birmingham in England in 1940 allowed the construction of 
high powered, centimeter-band radars, suitable for detecting precipitation. The sharing of 
this technology with American scientists early in the 1940s facilitated its subsequent 
development for meteorological applications.  

Important early papers include those on rain drop size distributions (Marshall & Palmer, 
1948) and shapes (Browne & Robinson, 1952; Hunter, 1954; Newell et al., 1955), the 
measurement of precipitation (Ryde, 1946; Byers, 1948; Bowen, 1951; Twomey, 1953; Battan, 
1953; Stout & Neill, 1953), its vertical structure (Langille & Gunn, 1948) and associated 
estimation errors (Hitschfeld & Bordan, 1954), and those on thunderstorm identification, 
behaviour and dynamics (Wexler & Swingle, 1947; Byers & Braham, 1949; Wexler, 1951; 
Ligda, 1951; Battan, 1953).  

3.2 Extrapolation techniques 

The concept of extrapolating radar echoes for the short term prediction of precipitation was 
first proposed by Ligda (1953). The earliest demonstration of the application of objective 
extrapolation to radar echoes is described by Hilst and Russo (1960), whilst Noel and 
Fleischer (1960) were amongst the first radar meteorologists to explore the predictability of 
precipitation echoes using this approach. Further noteworthy papers are those published by 
Russo and Bowne (1962) and Kessler and Russo (1963). Kessler (1966) and Wilson (1966) 
explored the use of cross correlation statistics to diagnose a best estimate of echo pattern 
average motion. Wilson (1966) used the maximum value of the cross correlation coefficient 
as an indicator of pattern development. 

Two important conclusions were drawn from these early studies. The first of these was the 
positive correlation between the predictability of precipitation features and their size: large 
features tend to be longer lived than small ones. The second conclusion is an adjunct to the first, 
namely that small scale features are generally short lived – typically a few tens of minutes. 
These findings are consistent with early investigations into the multi-scaling properties of the 
atmosphere and associated limits on atmospheric predictability (Lorenz, 1963; 1973). 

The 1970s saw the further development of cross correlation-based nowcasting algorithms 
and their automation. Zawadzki (1973) developed an optical device for measuring the 
space-time statistical properties of radar inferred precipitation fields. Austin and Bellon 
(1974) evaluated an automated, computerized pattern matching programme for nowcasting 
precipitation up to 3 hours ahead. They concluded that the useful range of these nowcasts 
varied with the nature and extent of the precipitation. Nonetheless, this approach was 
shown to be consistently skilful up to one hour ahead over a wide range of events.  
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precipitation up to 3 hours ahead. They concluded that the useful range of these nowcasts 
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shown to be consistently skilful up to one hour ahead over a wide range of events.  
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This latter work led to the operational implementation of an algorithm based upon global 
cross correlation at McGill University in the mid-1970s. Bellon and Austin (1978) reviewed 
the operational performance of this scheme, known as SHARP (Short-Term Automated 
Radar Prediction), on two years’ worth of data. The experience gained allowed subsequent 
enhancement of their cross correlation method to enable independent tracking of different 
echoes (Austin & Bellon, 1982) using a nine vector motion field. Rinehart (1981) describes a 
similar, multi-vector, cross correlation approach to determine and extrapolate the motion of 
individual storms within a multi-storm system. 

3.3 Cell tracking 

Algorithms founded on the tracking of radar echo centroids evolved in parallel with field-
based pattern matching techniques. These were developed specifically for nowcasting 
thunderstorms, initially in North America. Amongst the earliest of these echo centroid 
trackers were those described by Wilk and Gray (1970) and Zittel (1976). The extrapolation 
vectors were diagnosed using a linear least squares fit through successive positions of the 
echo centroids. Duda and Blackmer (1972) and Blackmer et al. (1973) formulated clustering 
techniques to resolve difficulties in cases involving the merging and splitting of echoes.  

Refinements to these early techniques were subsequently developed and implemented 
within operational tools during the following decades. Several good examples are the Storm 
Cell Identification and Tracking (SCIT) algorithm (Witt & Johnson, 1993) and the 
Thunderstorm Identification, Tracking, Analysis and Nowcasting (TITAN) system (Dixon & 
Wiener, 1993). 

3.4 Steady state versus growth and decay 

The proto-type, operational nowcasting algorithms developed during the 1970s were 
generally reliant on the steady state assumption. Tsonis and Austin (1981) explored echo 
size and intensity trending with a view to improving the prediction of long lived convective 
cells. They found negligible improvement in skill, even using sophisticated non-linear time 
trending schemes. Wilson et al. (1998) drew similar conclusions in a study involving the use 
of the TITAN system (Dixon and Wiener, 1993). These results are consistent with the 
findings of theoretical and NWP modelling experiments showing that the evolution of 
convective scale features in the atmosphere is non-linear and, to a degree, chaotic (Tsonis, 
1989).  

3.5 Fractal properties of precipitation 

During the 1980s and 1990s, an improved understanding of the chaotic influence of 
atmospheric processes such as turbulence on the predictability of precipitation was reflected 
in a growing number of publications exploring the so called scaling or multi-fractal attributes 
of meteorological fields, including those of radar derived precipitation fields. Scaling 
behaviour or self-similarity implies that similar features can be observed in the atmosphere 
over a wide range of space and time scales, and that the relationship between certain 
statistical attributes of a precipitation field measured at different scales can be described by 
equations which incorporate a scaling factor. The formative papers in this area include those 
by Lovejoy and Schertzer (1985, 1986). 
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3.6 Exploration of statistical and statistical-dynamical models of precipitation 

This same period saw the development of a number of statistical (Krajewski & Georgakakos, 
1985; Cox & Isham, 1988) and statistical-dynamical predictive models of precipitation 
(Georgakakos & Bras, 1984a, b; Lee & Georgakakos, 1990; French & Krajewski, 1994; Bell & 
Moore, 2000a). The latter were formulated to assimilate radar estimates and surface 
observations of precipitation and make forecasts using a simplified treatment of the 
governing atmospheric equations, focusing on the conservation of water mass. These studies 
were motivated by the operational forecasting requirements of the hydrological community 
and the limitations of “steady-state” nowcasting techniques and the first generation of 
operational, mesoscale NWP models.  

3.7 Impact of forecast uncertainties 

A growing recognition of the need to account for and communicate meteorological forecast 
uncertainty (Murphy & Carter, 1980; Krzysztofowicz, 1983), particularly in relation to 
precipitation, led to the development of a range techniques for probabilistic precipitation 
nowcasting. Andersson and Ivarsson (1991) evaluated an advection-based nowcasting 
scheme in which the probability of precipitation at a given location is estimated from the 
areal distribution of precipitation in a neighbourhood surrounding it (see also Schmid et al., 
2000) This approach accounts for the impact of extrapolation errors on the location of 
advected precipitation. Other authors have adopted similar approaches. For example, 
Germann and Zawadzki (2004) used a local Lagrangian method to produce probabilistic 
extrapolation nowcasts. 

The previously mentioned theoretical work on multi-fractals, and empirical studies 
supporting a scaling model representation of precipitation fields, laid the foundations for 
the development of a number of stochastic precipitation nowcasting schemes exploiting 
scale decomposition frameworks. Seed (2003) adopted a multi-scale decomposition 
framework in his S-PROG (Spectral-Prognosis) scheme to nowcast the space-time evolution 
of high resolution radar derived precipitation fields (see Figure 2); he highlighted the 
potential application of S-PROG to conditional simulation and design storm modelling. 

In a similar vein, the McGill Algorithm for Precipitation Nowcasting by Lagrangian 
Extrapolation (MAPLE; Turner et al., 2004) exploits a wavelet transform to model the 
predictability of precipitation as a function of scale.  The aim of the scale decomposition is to 
filter out the unpredictable scales in an extrapolation nowcast, and in so doing, minimize the 
Root Mean Square nowcast error (typically measured using rain gauge observations and/or 
radar inferred estimates of surface precipitation rate or accumulation). 

Pegram and Clothier (2001) used a power law model to filter Gaussian distributed random 
numbers to generate stochastic realizations of radar precipitation fields in their String of 
Beads Model (SBM). Noise generation techniques similar to these were combined with a 
stochastic model of extrapolation velocity errors in the Short Term Ensemble Prediction 
System (STEPS, Bowler et al., 2006) to produce operational precipitation nowcasts 
quantifying uncertainties in phase as well as amplitude. In STEPS, the noise serves several 
purposes: it enables ensembles of equally likely nowcast solutions to be generated by 
perturbing predicted features as they lose skill; it also downscales an NWP forecast, 
injecting variance at scales lacking power (variance) relative to the radar. 
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Fig. 2. The generation of an extrapolation nowcast using the Spectral-Prognosis (Seed, 2003) 
multi-scale decomposition (cascade) framework (after Berenguer et al., 2005) . The motion of 
the precipitation field is derived from radar inferred analyses of precipitation rate valid at t 
and t-1 (typically a 10 or 15 minute time step). The temporal evolution of the extrapolated 
field is modelled on the hierarchy of scales produced by the cascade decomposition, using a 
hierarchy of second order auto-regressive (AR-2) models – one for each scale – and the 
analyses of precipitation rate valid at t, t-1 and t-2. 

3.8 Improvements in extrapolation techniques 

The past two decades have also seen further refinements to the extrapolation schemes exploited 
by precipitation nowcasting algorithms, notably in the form of COTREC (Li et al., 1995; 
Mecklenburg et al., 2000), Variational Echo Tracking (VET; Germann & Zawadzki, 2002) and 
optical flow (Bowler et al., 2004, Peura & Hohti, 2004).  COTREC constrains the cross correlation 
diagnosed displacement vectors using the two dimensional continuity equation. This is 
equivalent to minimizing the divergence of velocities derived for adjacent blocks. The benefits 
over TREC (Rinehart and Garvey, 1978) were shown to be due to the elimination of spurious 
motion vectors caused by clutter, beam blockages and rapid changes in the precipitation 
pattern. In common with optical flow, the VET scheme diagnoses a field of motion by direct 
application of the optical flow constraint equation. Bowler et al. (2004) solve this equation before 
applying a smoothness constraint where as Germann and Zawadzki (2002) uses a conjugate 
gradient method to minimize residuals from two constraints simultaneously. 
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3.9 NWP-based nowcasting 

The 1990s saw the first attempts to run convection resolving NWP model forecasts 
assimilating radar data (Lin et al., 1993). These early experiments were focused on 
predicting convective storms. 

Some success was demonstrated in cases involving convection strongly forced by the large 
scale environment. However, other studies showed that convective initiation in a weakly 
forced environment is difficult to predict because the location and timing of initiation are 
very sensitive to variations in low level temperature and moisture. It seems likely that the 
ability of convection resolving NWP models to predict convection is a function of the 
predominant scale of the associated forcing. In the UK, much of the convection is forced by 
small-scale orography, as demonstrated by the Convective Storms Initiation Project 
(Morcrette et al., 2007; Lean et al., 2008).  

Despite these challenges, Lean et al. (2008) found that convection resolving models 
performed better in terms of convective initiation than a 12 km grid length model with 
parameterized convection, and a number of national weather services are now running 
operational, convection resolving NWP models. Indeed, some are trialling configurations 
with hourly or sub-hourly assimilation of radar data. NWP nowcast experiments in the UK 
show some improvements in NWP forecast skill in the nowcast time frame. Prospects for 
NWP nowcasting will be discussed in more detail later in this Chapter. 

4. Conventional nowcasting techniques  
4.1 Deterministic techniques  

4.1.1 Cell tracking 

Cell trackers or object-based nowcasting schemes are typically developed in areas where 
severe convective storms are a significant hazard, and are best suited to the generation of 
qualitative warnings of severe convective weather. In general, object-based algorithms are 
used to predict the location of a (convective) object in the future and thereby assign the 
properties of the object to that location. For example, a storm might be deemed to contain 
large hail, and therefore a warning of large hail will be issued for the locations on the 
forecast storm track.  

The basic elements of cell tracking are: 

1. devise a set of rules that will be used to identify the bounds of an object in either two or 
three dimensions; 

2. analyse current data to identify objects and assign attributes to them (heavy rain, 
damaging wind, large hail etc); 

3. link the objects to existing tracks and estimate the advection velocity;  
4. predict the location of objects in the future. 

Most cell tracking algorithms define an object, either as a set of contiguous points that 
exceed some threshold in radar reflectivity, typically 35, 40 or 45 dBz (e.g. Dixon & Weiner, 
1993; Han et al., 2009), or as a small region of increased reflectivity (Crane, 1979), or both 
(e.g. Handwerker, 2002). Defining the object in three dimensions allows one to compute the 
volume and height of the cell. This adds value when assigning the elements of severe 
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small-scale orography, as demonstrated by the Convective Storms Initiation Project 
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Cell trackers or object-based nowcasting schemes are typically developed in areas where 
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properties of the object to that location. For example, a storm might be deemed to contain 
large hail, and therefore a warning of large hail will be issued for the locations on the 
forecast storm track.  
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three dimensions; 
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damaging wind, large hail etc); 

3. link the objects to existing tracks and estimate the advection velocity;  
4. predict the location of objects in the future. 

Most cell tracking algorithms define an object, either as a set of contiguous points that 
exceed some threshold in radar reflectivity, typically 35, 40 or 45 dBz (e.g. Dixon & Weiner, 
1993; Han et al., 2009), or as a small region of increased reflectivity (Crane, 1979), or both 
(e.g. Handwerker, 2002). Defining the object in three dimensions allows one to compute the 
volume and height of the cell. This adds value when assigning the elements of severe 
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weather or some sort of severity index, but does not necessarily add value to the 
identification and tracking of the cells. Rigo et al. (2010) used both 2D and 3D radar 
products and total lightning data to identify and track convective storms. A storm track is 
defined as a time series of cell positions. Assigning cells to tracks is the most complex aspect 
of these algorithms. 

All cell tracking algorithms have to deal with cell initiation, mergers, splits, and 
terminations – the hatches, matches, and dispatches as it were – and this is often the point of 
differentiation between the various approaches. Errors in assigning the correct cell to a track 
are a major cause of error when estimating the cell velocity. The size of the object depends 
on the threshold that has been selected. Therefore, the predictability of the object decreases 
as the threshold is increased since the lifetime of a cell is related to its size. Using a high 
threshold to define the cell will make it more difficult to assign a cell to a track. This will 
increase the errors when estimating the track velocity. Using a low threshold will increase 
the longevity of the tracks, but will tend to limit the ability to forecast the location of the 
most severe cells within the storm.  The concept of an “object” becomes less useful as the 
precipitation becomes more widespread. At some point (depending on the skill of the 
tracking algorithm), cell tracking algorithms fail to provide useful forecasts. 

TITAN (Dixon & Weiner, 1993) and SCIT (Johnson et al., 1998) are good examples of what 
can be achieved in the object-tracking paradigm. Both TITAN and SCIT use the three-
dimensional radar reflectivity data to identify a convective object that is defined by a 
reflectivity threshold. In TITAN, the current objects are linked to past objects through 
combinatorial optimization. This minimizes the total advection and change in cell volume 
between the previous and current time steps. Many other cell tracking algorithms, SCIT 
for example, assign the cell that is closest to the forecast location of an active track. Han et 
al. (2009) evaluated several extensions to TITAN including improvements in assigning 
cells to tracks and using TREC motion vectors to advect the cells. In assigning a cell to a 
track, they found that the most significant improvements were due to adding a 
requirement that the forecast cell from the track at the previous time step must overlap 
with the current cell. 

4.1.2 Field-based advection 

Field tracking algorithms generally divide a Cartesian grid of radar reflectivity or rain rate 
into a number of tiles and then find the advection of the tile that maximizes the cross 
correlation (or some other measure of similarity) between successive time steps in the data. 
The mean advection vector for each tile containing rain is then calculated by applying some 
form of constraint to minimize the divergence of the resulting vectors. 

A number of the current field tracking-based nowcasting algorithms use COTREC (Li et al., 
1995) as the basis for deriving the advection vectors. Examples include the system that has 
been developed at the Czech Hydrometeorological Institute (Novak, 2007), the Hong Kong 
Observatory system, SWIRLS (Li et al., 2000), and the system implemented at the 
Guangdong Meteorological Observatory system (Liang et al., 2010). Liang et al. (2010) 
determined that the optimum size of the tile was 30 km. Li et al. (2000) evaluated the 
performance of an advection scheme on a 93 x 93 grid using a 19 pixel tile: this equates to   
20 km on their 256 km x 256 km domain. 

 
Nowcasting 

 

105 

Bowler et al. (2004) used the optical flow constraint (Horn & Schunck, 1981) approach that is 
used for computer vision applications to derive the mean advection vector for tiles with 
rain. Optical flow uses least squares to find the (u,v) that minimizes the two-dimensional 
conservation equation  

 0dR R R Ru v
dt x y t

  
   

  
 (1)  

over a  local neighbourhood. 

Bowler et al. (2004) smoothed the field using a moving average over a (15 x 15) pixel mask 
before calculating the partial derivatives using a finite difference scheme. The smoothed 
image was then partitioned into 48 x 48 km2 tiles and least squares used to estimate the 
mean advection vector within the tile. The resulting vectors were then smoothed so as to 
minimize 2V . Grecu and Krajewski (2000) used a similar approach over 40 x 40 km2 tiles. 
Foresti and Pozdnoukhov (2011) used optical flow to track areas with rain rates that 
exceeded 10 mm/h. Essentially, this represents the application of optical flow to cell 
tracking. 

Germann and Zawadzki (2002) used the Variational Echo Tracking (VET) method of 
Laroche and Zawadzki (1995) to derive the advection velocities. This technique partitions 
the field into small tiles and then uses the conjugate gradient method to minimize a cost 
function in one global minimization. The cost function includes a smoothness term. The 
difference between this approach and optical flow is that optical flow applies the 
smoothness constraint after the velocity field has been calculated for each tile, thereby 
avoiding an expensive global minimization (Bowler et al. 2004). Ruzanski et al. (2011) 
describe another approach using a linear least squares technique in the frequency domain. 

Cell tracking algorithms assign a velocity to each object and this is advected with a constant 
velocity during the forecast period. Such an approach is not optimal for field tracking 
algorithms because it does not allow for changes in direction and speed of motion during 
the forecast period. Germann and Zawadzki (2002) undertook a detailed analysis of several 
advection algorithms and found that a modified semi-Lagrangian backward interpolation 
scheme was optimal. Bowler et al. (2004, 2006) used the simpler semi-Lagrangian scheme 
that is applied for each time step in the forecast time series. Semi-Lagrangian advection 
requires a velocity at each pixel in the field and the optical flow technique does not provide 
advection vectors for tiles that have no rainfall. Therefore the velocity at each pixel must 
either be interpolated from the tiles with rain, or provided by a hierarchical approach that 
progressively reduces the size of the tiles that are used in the analysis (e.g. Germann and 
Zawadzki, 2002). 

Kernel-based methods have been employed for advection by Ruzanski et al. (2011) and Fox 
and Wikle (2005) using 

 1t t y Hy  (2) 

where 

  1 2[ ( , ), ( , ), , , ( , )]Tt ny s t y s t y s ty  (3) 
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on the threshold that has been selected. Therefore, the predictability of the object decreases 
as the threshold is increased since the lifetime of a cell is related to its size. Using a high 
threshold to define the cell will make it more difficult to assign a cell to a track. This will 
increase the errors when estimating the track velocity. Using a low threshold will increase 
the longevity of the tracks, but will tend to limit the ability to forecast the location of the 
most severe cells within the storm.  The concept of an “object” becomes less useful as the 
precipitation becomes more widespread. At some point (depending on the skill of the 
tracking algorithm), cell tracking algorithms fail to provide useful forecasts. 

TITAN (Dixon & Weiner, 1993) and SCIT (Johnson et al., 1998) are good examples of what 
can be achieved in the object-tracking paradigm. Both TITAN and SCIT use the three-
dimensional radar reflectivity data to identify a convective object that is defined by a 
reflectivity threshold. In TITAN, the current objects are linked to past objects through 
combinatorial optimization. This minimizes the total advection and change in cell volume 
between the previous and current time steps. Many other cell tracking algorithms, SCIT 
for example, assign the cell that is closest to the forecast location of an active track. Han et 
al. (2009) evaluated several extensions to TITAN including improvements in assigning 
cells to tracks and using TREC motion vectors to advect the cells. In assigning a cell to a 
track, they found that the most significant improvements were due to adding a 
requirement that the forecast cell from the track at the previous time step must overlap 
with the current cell. 

4.1.2 Field-based advection 

Field tracking algorithms generally divide a Cartesian grid of radar reflectivity or rain rate 
into a number of tiles and then find the advection of the tile that maximizes the cross 
correlation (or some other measure of similarity) between successive time steps in the data. 
The mean advection vector for each tile containing rain is then calculated by applying some 
form of constraint to minimize the divergence of the resulting vectors. 

A number of the current field tracking-based nowcasting algorithms use COTREC (Li et al., 
1995) as the basis for deriving the advection vectors. Examples include the system that has 
been developed at the Czech Hydrometeorological Institute (Novak, 2007), the Hong Kong 
Observatory system, SWIRLS (Li et al., 2000), and the system implemented at the 
Guangdong Meteorological Observatory system (Liang et al., 2010). Liang et al. (2010) 
determined that the optimum size of the tile was 30 km. Li et al. (2000) evaluated the 
performance of an advection scheme on a 93 x 93 grid using a 19 pixel tile: this equates to   
20 km on their 256 km x 256 km domain. 
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Bowler et al. (2004) used the optical flow constraint (Horn & Schunck, 1981) approach that is 
used for computer vision applications to derive the mean advection vector for tiles with 
rain. Optical flow uses least squares to find the (u,v) that minimizes the two-dimensional 
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Cell tracking algorithms assign a velocity to each object and this is advected with a constant 
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algorithms because it does not allow for changes in direction and speed of motion during 
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is the vector of the n pixels in the image and { }ijhH  is the n x n matrix of the advection 

operator. 

Ruzanski et al. (2011) report that their approach is computationally efficient, although the 
time taken to derive the motion vectors was comparable to that required for optical flow. 
Furthermore, the advection algorithm was an order of magnitude slower than a simple 
implementation of a semi-Lagrangian backward interpolation scheme. Both Ruzanski et al. 
(2011) and Fox and Wikle (2005) demonstrated their methods using small images. The size 
of the advection operator is likely to become a constraint when using this technique to 
advect a large (say 106 pixels) image. 

4.1.3 Analogues 

Panziera et al. (2011) provide a good introduction on the assumptions and use of analogues 
in nowcasting. Advection-based tracking techniques rely on the assumption that 
precipitation fields evolve relatively slowly in Lagrangian coordinates and, therefore, their 
future state can be predicted largely by extrapolation. The assumption of Lagrangian 
persistence becomes a major limitation on the accuracy of nowcasts in situations where a  
field evolves rapidly, for example in situations where new storms are initiated or existing 
storms grow or decay.  Data mining and analogue techniques seek to predict initiation, 
growth and decay by matching the current weather pattern with similar, past events and 
then use these past events as the basis for generating a forecast.  

The first step in the use of analogues is to, either identify a set of regimes in the historical 
data, or identify a set of predictors that can be used as measures of similarity. Thereafter, the 
analogue that is closest to the current situation is selected and used as a basis for the 
forecast. This implies that the technique must be trained for each location, and that a 
significant historical record is available. Panziera et al. (2011) used predictors of mesoscale 
airflow and air-mass stability to select 120 analogues, and then employed two measures 
from the radar derived rainfall fields to select a set of 12 analogues to use as a forecast 
ensemble. Foresti and Pozdnoukhov (2011) derived maps of where orographic enhancement 
was likely to occur for a set of weather types. These could then be used to correct biases in 
advection forecasts. 

4.2 Errors in precipitation nowcasts  

4.2.1 Error sources and attribution 

Sources of forecast errors include errors in the initial quantitative precipitation estimates 
(QPE), those arising from incorrect diagnosis of the field of motion, and changes in the 
motion and evolution of precipitation fields during the forecast period. 

Approximately half of the total forecast error in the first hour of a forecast is due to errors in 
the radar derived rainfall analyses (Bellon & Austin, 1984; Fabry & Seed, 2009). This is 
because radar rainfall estimation errors, arising from variations in the relationship 
employed to convert the observed radar reflectivity to rainfall, have significant correlations 
over about an hour in time (Lee et al., 2007) and tens of kilometres in space (Velasco-Forero 
et al., 2009; Yeung et al., 2011). 
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Dance et al. (2010) used a year of TITAN tracks to investigate how cell tracking errors varied 
as a function of lead time, storm intensity, speed and duration. They found that the RMS 
errors in track speed and direction over the year were about 10 km/h and 30° respectively. 
Dance et al. (2010) found that tracking errors (both speed and direction) were large when the 
track speeds were less than 15 km/h; also, errors in track direction decreased with 
increasing speed. 

Mecklenburg et al. (2000) investigated the tracking errors for TREC and COTREC and found 
that the mean absolute displacement and direction error for a 30-min forecast of convection 
was about 10 km and 20° respectively.  Ebert et al. (2004) showed that TITAN cell tracking 
algorithms had a median error of about 10 km/h for intense cells. The median tracking error 
for the baseline field tracking algorithm – a  correlation technique finding a single advection 
vector for the entire field of convective storms – was found to be 20 km/h using the same 
data. 

Hourly accumulations of rainfall typically have correlation lengths of the order of 10 km       
(e.g. Anagnostou et al., 1999; Gebremichael & Krajewski, 2004). The tracking error after an 
hour is at least the same order of magnitude as the correlation length of the accumulations. 
Therefore, one would expect that enhancements to the current tracking algorithms should  
lead to improvements in the skill of nowcasts at lead times when tracking errors become a 
significant fraction of the correlation length of the rainfall field: this is likely to be around     
T + 30 minutes.  

Berenguer et al. (2005) found that the temporal evolution of the advection field was not a 
significant source of error for nowcasts with lead times less than 60 minutes. Bowler et al. 
(2006) discovered that forecast errors due to the temporal evolution of the advection field 
were negligible in the first three hours of a nowcast and accounted for 10% of the total error 
after six hours. 

It is interesting to note that the probability distribution of cell tracking errors is highly 
skewed (see, for example, Figure 20 of Ebert et al., 2004) and that the maximum 60 minute 
location error can be as high as 70 km. The fat tail in the distribution of tracking errors is a 
significant issue for operational nowcasting systems. Manual editing of the tracks (e.g. Bally, 
2004) adds value to the automatic forecasts by eliminating the tracks that are regarded by 
the forecasters as being, either unimportant from a severe weather perspective, or incorrect. 

Errors due to the initiation and decay of storms during the forecast period become 
increasingly dominant as the lead time extends beyond 60 minutes (Wilson et al., 2010). 
Zawadzki et al. (1994) evaluated the limits of predictability of rainfall fields as a function of 
space and time and found that the time for a Lagrangian persistence forecast to reach a 
correlation of 0.5 ranged from 40 to 112 minutes. They also found that these predictability 
times depended on the scales present in the rainfall field. 

4.2.2 Space-time structure of errors and their treatment 

Roca-Sancho et al. (2009) examined the spatial and temporal structure of forecast errors 
for MAPLE. They demonstrated that the temporal correlation of forecasts errors was very 
low after 60 minutes and that the spatial structure of the forecast errors progressively 
resembled that of rainfall with increasing lead time. The latter effect was due to increasing 
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is the vector of the n pixels in the image and { }ijhH  is the n x n matrix of the advection 

operator. 
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errors in the location of rainfall. Fabry and Seed (2009) showed that forecasts of high rain 
rates were generally over-predictions and that the performance of advection forecasts in 
the recent past is not a good predictor of future performance. The best predictors were 
found to be raining fraction and the rate of change in mean areal precipitation over the 
forecast domain. 

Germann and Zawadzki (2002) demonstrated that filtering the rainfall analysis field with a 
64 km, low-pass filter increased Lagrangian life times by between 40 and 60 minutes, 
depending on the extent to which small scale features are embedded in larger-scale rain 
areas. Germann et al. (2006) state that the upper bound for an advection-based nowcasting 
system that does not include growth and dissipation of rainfall is about six hours. The 
typical lifetime of a storm is closely related to the scale of the storm, and is often represented 
as a power law of the scale (e.g. Marsan et al., 1996; Schertzer et al., 1997; Seed et al., 1999). 
Therefore, some nowcasting systems improve the accuracy (in the RMS error sense) of their 
predictions by progressively smoothing out the small scale features present in the analysis 
field (e.g. Seed, 2003; Turner et al., 2004). This removes features from the nowcast that are 
essentially unpredictable.  

An alternative way of handling the perishability of the fine scale components in advected 
precipitation fields is to model them stochastically. This approach will be discussed in 
section 4.3. 

4.2.3 Performance of nowcasting algorithms 

The Critical Success Index is often used to report the accuracy of nowcasting algorithms 
presented in the literature. Ruzanski et al. (2011) found a CSI of approximately 0.5 after      
10 minutes at a spatial resolution of 0.5 km. Liang et al. (2010) calculated a CSI of 
approximately 0.35 after 60 minutes for echoes in the 15-45 dBZ range at 2 km resolution. 
Berenguer et al. (2011) report a CSI for 60 minute forecasts of reflectivity (dBZ) at 1 km 
resolution of approximately 0.5 for widespread rainfall, and in the range of 0.1 to 0.3 for 
isolated convection. Poli et al. (2008) discovered that the CSI was generally low at the start 
and end of a storm, reaching a peak of around 0.4 for  1 km resolution T+60 minute forecasts 
of reflectivity greater than 30 dBZ. 

Nine nowcasting systems were implemented for the Sydney 2000 Forecast Demonstration 
Project (Ebert et al., 2004) and eight nowcasting systems participated in the Beijing 2008 
Olympics’ Forecast Demonstration Project (Wang et al., 2009; Wilson et al., 2010). Wang et 
al. (2009) demonstrated that the overall performance of the nowcasting systems had 
improved during the years from 2000 to 2008. They showed that the maximum CSI for 
forecasts of hourly precipitation accumulation greater than 1 mm/h increased from 0.2 in 
2000 to 0.45 in 2008, although the maximum CSI for rain greater than 10 mm/h was still 
only 0.15. 

Lee et al. (2009) found that the CSI decreased with increasing rain rate and forecast lead 
time: the CSI for 60 minute rainfall forecasts decreased from 0.60 for 0.1 mm/h to 0.2 for     
10 mm/h rain rates. Ebert et al. (2004) reported that the CSI for rain greater than 20 mm/h is 
essentially zero. This implies that the use of nowcasting techniques to predict the precise 
location of extreme rain for flash flood warning may not be viable. 
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In summary then, the accuracy of a nowcast depends on the accuracy of the initial radar  
derived rainfall field, the degree of spatial organization of the rain, the rain rate, and 
forecast lead time. Also, it is likely to be higher in the middle of the storm (in both space and 
time) than at the edges. 

4.3 Probabilistic techniques  

4.3.1 Justification 

Given the magnitude of the errors in a 30 minute precipitation nowcast, it is reasonable to 
adopt a probabilistic approach to nowcasting and attempt to convey to the users the 
uncertainty that is associated with a particular weather situation. As explained earlier, 
within the extrapolation nowcast framework, errors can be categorized into those 
attributable to the radar observations and processing, inaccuracies in the field of motion 
used to advect the observations, and errors arising from assumptions made about the 
Lagrangian evolution of the advected precipitation field. 

4.3.2 Methods of handling uncertainties  

A number of techniques have been developed for modelling nowcast errors with a view to 
producing probabilistic precipitation nowcast products. One of the simplest entails time-
lagging a consecutive series of deterministic nowcasts using techniques similar to those 
demonstrated in a NWP post-processing context (Mittermaier, 2007). Each member of the 
time-lagged ensemble is assigned a weight which is a function of lead time. SWIRLS 
generates probabilistic nowcasts using this approach (Wang et al., 2009). 

Another approach relies on the assumption that errors in the diagnosed advection velocity 
field predominate. Consequently, the probability of exceeding a chosen precipitation 
threshold at a given location can be derived from the distribution of precipitation in a 
neighbourhood surrounding the forecast location. The neighbourhood size increases with 
lead time to reflect to the growth in advection errors (Andersson & Ivarsson, 1991; Schmid et 
al., 2000). 

Germann and Zawadzki (2004) compared four methods of generating probabilistic 
precipitation nowcasts based upon radar extrapolation. They concluded that the most skilful 
method was one based upon the local Lagrangian technique. Essentially, this produces an 
advection forecast using a semi-Lagrangian backward advection scheme and then uses the 
probability distribution of forecast rain rates in some search area centred on a pixel to 
calculate the probability of exceeding a threshold at that location. The size of the search area 
increases with lead time to reflect the increasing forecast uncertainty. This approach has 
since been exploited by others, for example Megenhardt et al. (2004), and more recently, 
Kober et al. (2011). 

Other authors have focused their attentions on modelling errors using stochastic space-time 
models. Pegram and Clothier (2001) used a power law model to filter Gaussian distributed 
random numbers to generate stochastic realizations of radar precipitation fields in their 
String of Beads model (SBM). Noise generation techniques similar to these were combined 
with a stochastic model of extrapolation velocity errors in the Short Term Ensemble 
Prediction System (STEPS; Bowler et al., 2006) to produce operational precipitation nowcasts 
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errors in the location of rainfall. Fabry and Seed (2009) showed that forecasts of high rain 
rates were generally over-predictions and that the performance of advection forecasts in 
the recent past is not a good predictor of future performance. The best predictors were 
found to be raining fraction and the rate of change in mean areal precipitation over the 
forecast domain. 

Germann and Zawadzki (2002) demonstrated that filtering the rainfall analysis field with a 
64 km, low-pass filter increased Lagrangian life times by between 40 and 60 minutes, 
depending on the extent to which small scale features are embedded in larger-scale rain 
areas. Germann et al. (2006) state that the upper bound for an advection-based nowcasting 
system that does not include growth and dissipation of rainfall is about six hours. The 
typical lifetime of a storm is closely related to the scale of the storm, and is often represented 
as a power law of the scale (e.g. Marsan et al., 1996; Schertzer et al., 1997; Seed et al., 1999). 
Therefore, some nowcasting systems improve the accuracy (in the RMS error sense) of their 
predictions by progressively smoothing out the small scale features present in the analysis 
field (e.g. Seed, 2003; Turner et al., 2004). This removes features from the nowcast that are 
essentially unpredictable.  

An alternative way of handling the perishability of the fine scale components in advected 
precipitation fields is to model them stochastically. This approach will be discussed in 
section 4.3. 

4.2.3 Performance of nowcasting algorithms 

The Critical Success Index is often used to report the accuracy of nowcasting algorithms 
presented in the literature. Ruzanski et al. (2011) found a CSI of approximately 0.5 after      
10 minutes at a spatial resolution of 0.5 km. Liang et al. (2010) calculated a CSI of 
approximately 0.35 after 60 minutes for echoes in the 15-45 dBZ range at 2 km resolution. 
Berenguer et al. (2011) report a CSI for 60 minute forecasts of reflectivity (dBZ) at 1 km 
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improved during the years from 2000 to 2008. They showed that the maximum CSI for 
forecasts of hourly precipitation accumulation greater than 1 mm/h increased from 0.2 in 
2000 to 0.45 in 2008, although the maximum CSI for rain greater than 10 mm/h was still 
only 0.15. 

Lee et al. (2009) found that the CSI decreased with increasing rain rate and forecast lead 
time: the CSI for 60 minute rainfall forecasts decreased from 0.60 for 0.1 mm/h to 0.2 for     
10 mm/h rain rates. Ebert et al. (2004) reported that the CSI for rain greater than 20 mm/h is 
essentially zero. This implies that the use of nowcasting techniques to predict the precise 
location of extreme rain for flash flood warning may not be viable. 

 
Nowcasting 

 

109 

In summary then, the accuracy of a nowcast depends on the accuracy of the initial radar  
derived rainfall field, the degree of spatial organization of the rain, the rain rate, and 
forecast lead time. Also, it is likely to be higher in the middle of the storm (in both space and 
time) than at the edges. 

4.3 Probabilistic techniques  

4.3.1 Justification 

Given the magnitude of the errors in a 30 minute precipitation nowcast, it is reasonable to 
adopt a probabilistic approach to nowcasting and attempt to convey to the users the 
uncertainty that is associated with a particular weather situation. As explained earlier, 
within the extrapolation nowcast framework, errors can be categorized into those 
attributable to the radar observations and processing, inaccuracies in the field of motion 
used to advect the observations, and errors arising from assumptions made about the 
Lagrangian evolution of the advected precipitation field. 

4.3.2 Methods of handling uncertainties  

A number of techniques have been developed for modelling nowcast errors with a view to 
producing probabilistic precipitation nowcast products. One of the simplest entails time-
lagging a consecutive series of deterministic nowcasts using techniques similar to those 
demonstrated in a NWP post-processing context (Mittermaier, 2007). Each member of the 
time-lagged ensemble is assigned a weight which is a function of lead time. SWIRLS 
generates probabilistic nowcasts using this approach (Wang et al., 2009). 

Another approach relies on the assumption that errors in the diagnosed advection velocity 
field predominate. Consequently, the probability of exceeding a chosen precipitation 
threshold at a given location can be derived from the distribution of precipitation in a 
neighbourhood surrounding the forecast location. The neighbourhood size increases with 
lead time to reflect to the growth in advection errors (Andersson & Ivarsson, 1991; Schmid et 
al., 2000). 

Germann and Zawadzki (2004) compared four methods of generating probabilistic 
precipitation nowcasts based upon radar extrapolation. They concluded that the most skilful 
method was one based upon the local Lagrangian technique. Essentially, this produces an 
advection forecast using a semi-Lagrangian backward advection scheme and then uses the 
probability distribution of forecast rain rates in some search area centred on a pixel to 
calculate the probability of exceeding a threshold at that location. The size of the search area 
increases with lead time to reflect the increasing forecast uncertainty. This approach has 
since been exploited by others, for example Megenhardt et al. (2004), and more recently, 
Kober et al. (2011). 

Other authors have focused their attentions on modelling errors using stochastic space-time 
models. Pegram and Clothier (2001) used a power law model to filter Gaussian distributed 
random numbers to generate stochastic realizations of radar precipitation fields in their 
String of Beads model (SBM). Noise generation techniques similar to these were combined 
with a stochastic model of extrapolation velocity errors in the Short Term Ensemble 
Prediction System (STEPS; Bowler et al., 2006) to produce operational precipitation nowcasts 
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quantifying uncertainties in phase as well as amplitude.  In STEPS, the noise serves several 
purposes: it enables ensembles of equally likely nowcast solutions to be generated by 
perturbing predicted features as they lose skill; it also downscales an NWP forecast, 
injecting variance at scales lacking power (variance) relative to the radar. 

4.3.3 Treatment of observation errors 

Uncertainties in nowcasts of precipitation also derive from errors in the radar observations 
and processing. Austin (1987) categorized radar errors into physical biases, measurement 
biases and random sampling errors. Historically, much effort has been invested in 
improving deterministic estimates of precipitation accumulation at the surface by correcting 
physical (e.g. ground clutter and beam blockage) and measurement (e.g. Z-R conversion) 
biases. However, more recently, a growing number of researchers have focused their 
attentions on the treatment of random sampling errors and how these can be utilized within 
stochastic, integrated system frameworks to improve hydro-meteorological nowcasting. 

Two main approaches to the modelling of random sampling errors in QPE have been 
described in the literature: one entails a statistical description of the difference between the 
radar estimates and a reference (e.g. Ciach et al., 2007; Llort et al., 2008; Germann et al., 
2009); a second involves modelling the characteristics of individual sources of error (e.g. 
Jordan et al., 2003; Lee & Zawadzki, 2005a, 2005b, 2006; Lee, 2006; Lee et al., 2007). The 
challenge with the first approach is the need for a reference field: this is usually derived 
from a dense network of rain gauges. The difficulty with the second approach is that the 
true error structure of QPEs can vary significantly depending on the meteorological 
conditions and is therefore largely unknowable. 

Germann et al. (2009) describe a radar ensemble generator using LU decomposition 
(factorization) of the radar-gauge error covariance matrix to derive an ensemble of 
precipitation fields. Each ensemble member is the sum of the bias corrected, 
deterministically derived radar precipitation field and a stochastic perturbation representing 
the random error. The stochastic term is generated such that it preserves the correct space–
time error covariances. The authors present the results of the coupling of a real-time 
implementation of the radar ensemble generator with a semi-distributed hydrological 
model. 

Norman et al. (2010) implemented several radar ensemble generators and compared their 
performance on a selection of case study events using rain gauges. An implementation of 
the Germann et al. (2009) scheme was found to be marginally superior to one comprising 
separate models of Z-R (Lee et al., 2007) and VPR (Jordan et al., 2003) errors. Pierce et al. 
(2011) integrated these two ensemble generators to produce ensembles of radar-based 
analyses of surface precipitation rate for input to STEPS. They evaluated the impact of these 
ensembles on the performance of STEPS ensemble precipitation nowcasts. Verification 
results demonstrated that accounting for QPE errors improved the ensemble spread-skill 
relationship in the first hour of the nowcasts. 

One alternative to the stochastic QPE and QPN schemes described above is the use of 
historical analogues. Panziera et al. (2011) describe an analogue-based heuristic tool for 
nowcasting orographically forced precipitation. The system known as Nowcasting of 
Orographic Rainfall by means of Analogues, exploits the strong correlation between 
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orographic rainfall and predictors describing mesoscale flow and air mass stability, to 
identify past events with predictors similar to those derived from real time observations. 
The authors present verification results showing that NORA performs better than Eulerian 
persistence for nowcasts with lead times of more than an hour. 

5. NWP-based nowcasting 
5.1 Introduction 

In the past few years, increasing availability of high powered computers and the 
implementation of non-hydrostatic models have made NWP at the convective scales (1 km–
4 km horizontal grid length) a reality for national weather services. Many centres are 
already running these models operationally with update cycles of between 3 and 6 hours to 
generate short-range forecasts up to about T+36 hours. Traditionally, these forecasts have 
been deployed in combination with nowcasting techniques to deliver optimal guidance. 
However, recently, centres have begun to explore the use of NWP-based systems for 
nowcasting. 

5.2 The challenges 

For nowcasting purposes, the key component of NWP is the data assimilation of high 
resolution observations in space and time, especially radar and geostationary satellite data. 
Traditional nowcasting techniques use these observations to produce forecasts of rain, cloud 
and associated weather with observation derived advection velocities, or NWP forecast 
wind fields, or a combination of both. Nowcasts are also produced from analyses of other 
weather elements including screen temperature, visibility, 10 m wind and wind gusts. 
However, these systems do not use the observations in an optimal manner and may not use 
all available observation types. 

Data assimilation into NWP models potentially offers the ability to use all observations in a 
consistent and synergistic manner to provide the best estimate of the state of the atmosphere 
from which to produce a nowcast. At this time, nudging, variational data assimilation     
(3D-Var and 4D-Var) and ensemble Kalman filters (EnKF; Sun, 2005b) for high resolution 
data assimilation are being used in weather services or are under development in research 
centres around the world. Indeed, some national weather services are already running 
operational NWP models with data assimilation at grid lengths in the range 1 km-10 km. 
Most of this work relies heavily on the exploitation of Doppler radar measured radial winds 
and reflectivity data or derived surface rain rates. 

One challenge for NWP-based nowcasting is to match the skill of traditional methods in the 
first two hours. Traditional nowcasts closely fit the observations because they employ 
extrapolation techniques and so use the observations themselves (i.e. radar derived surface 
rain rate) at analysis time. This is challenging for NWP because unresolved scales are 
excluded from the model state, data assimilation systems are designed, not to match 
observations, but to achieve a good and balanced forecast over a longer period of time, and 
the T+0 fields from the NWP system are essentially a weighted fit to both the NWP forecast 
and the observations. 
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quantifying uncertainties in phase as well as amplitude.  In STEPS, the noise serves several 
purposes: it enables ensembles of equally likely nowcast solutions to be generated by 
perturbing predicted features as they lose skill; it also downscales an NWP forecast, 
injecting variance at scales lacking power (variance) relative to the radar. 
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Uncertainties in nowcasts of precipitation also derive from errors in the radar observations 
and processing. Austin (1987) categorized radar errors into physical biases, measurement 
biases and random sampling errors. Historically, much effort has been invested in 
improving deterministic estimates of precipitation accumulation at the surface by correcting 
physical (e.g. ground clutter and beam blockage) and measurement (e.g. Z-R conversion) 
biases. However, more recently, a growing number of researchers have focused their 
attentions on the treatment of random sampling errors and how these can be utilized within 
stochastic, integrated system frameworks to improve hydro-meteorological nowcasting. 

Two main approaches to the modelling of random sampling errors in QPE have been 
described in the literature: one entails a statistical description of the difference between the 
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2009); a second involves modelling the characteristics of individual sources of error (e.g. 
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challenge with the first approach is the need for a reference field: this is usually derived 
from a dense network of rain gauges. The difficulty with the second approach is that the 
true error structure of QPEs can vary significantly depending on the meteorological 
conditions and is therefore largely unknowable. 

Germann et al. (2009) describe a radar ensemble generator using LU decomposition 
(factorization) of the radar-gauge error covariance matrix to derive an ensemble of 
precipitation fields. Each ensemble member is the sum of the bias corrected, 
deterministically derived radar precipitation field and a stochastic perturbation representing 
the random error. The stochastic term is generated such that it preserves the correct space–
time error covariances. The authors present the results of the coupling of a real-time 
implementation of the radar ensemble generator with a semi-distributed hydrological 
model. 

Norman et al. (2010) implemented several radar ensemble generators and compared their 
performance on a selection of case study events using rain gauges. An implementation of 
the Germann et al. (2009) scheme was found to be marginally superior to one comprising 
separate models of Z-R (Lee et al., 2007) and VPR (Jordan et al., 2003) errors. Pierce et al. 
(2011) integrated these two ensemble generators to produce ensembles of radar-based 
analyses of surface precipitation rate for input to STEPS. They evaluated the impact of these 
ensembles on the performance of STEPS ensemble precipitation nowcasts. Verification 
results demonstrated that accounting for QPE errors improved the ensemble spread-skill 
relationship in the first hour of the nowcasts. 

One alternative to the stochastic QPE and QPN schemes described above is the use of 
historical analogues. Panziera et al. (2011) describe an analogue-based heuristic tool for 
nowcasting orographically forced precipitation. The system known as Nowcasting of 
Orographic Rainfall by means of Analogues, exploits the strong correlation between 
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orographic rainfall and predictors describing mesoscale flow and air mass stability, to 
identify past events with predictors similar to those derived from real time observations. 
The authors present verification results showing that NORA performs better than Eulerian 
persistence for nowcasts with lead times of more than an hour. 

5. NWP-based nowcasting 
5.1 Introduction 

In the past few years, increasing availability of high powered computers and the 
implementation of non-hydrostatic models have made NWP at the convective scales (1 km–
4 km horizontal grid length) a reality for national weather services. Many centres are 
already running these models operationally with update cycles of between 3 and 6 hours to 
generate short-range forecasts up to about T+36 hours. Traditionally, these forecasts have 
been deployed in combination with nowcasting techniques to deliver optimal guidance. 
However, recently, centres have begun to explore the use of NWP-based systems for 
nowcasting. 

5.2 The challenges 

For nowcasting purposes, the key component of NWP is the data assimilation of high 
resolution observations in space and time, especially radar and geostationary satellite data. 
Traditional nowcasting techniques use these observations to produce forecasts of rain, cloud 
and associated weather with observation derived advection velocities, or NWP forecast 
wind fields, or a combination of both. Nowcasts are also produced from analyses of other 
weather elements including screen temperature, visibility, 10 m wind and wind gusts. 
However, these systems do not use the observations in an optimal manner and may not use 
all available observation types. 

Data assimilation into NWP models potentially offers the ability to use all observations in a 
consistent and synergistic manner to provide the best estimate of the state of the atmosphere 
from which to produce a nowcast. At this time, nudging, variational data assimilation     
(3D-Var and 4D-Var) and ensemble Kalman filters (EnKF; Sun, 2005b) for high resolution 
data assimilation are being used in weather services or are under development in research 
centres around the world. Indeed, some national weather services are already running 
operational NWP models with data assimilation at grid lengths in the range 1 km-10 km. 
Most of this work relies heavily on the exploitation of Doppler radar measured radial winds 
and reflectivity data or derived surface rain rates. 

One challenge for NWP-based nowcasting is to match the skill of traditional methods in the 
first two hours. Traditional nowcasts closely fit the observations because they employ 
extrapolation techniques and so use the observations themselves (i.e. radar derived surface 
rain rate) at analysis time. This is challenging for NWP because unresolved scales are 
excluded from the model state, data assimilation systems are designed, not to match 
observations, but to achieve a good and balanced forecast over a longer period of time, and 
the T+0 fields from the NWP system are essentially a weighted fit to both the NWP forecast 
and the observations. 
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Also, traditional nowcasts can produce forecasts within a few minutes of data time, but 
complex data assimilation methods and numerical integration of the governing atmospheric 
equations are more costly and therefore take longer. However, if these techniques produce 
improved forecasts at longer lead times, the benefits outweigh the timeliness issue and 
reduced accuracy in the first 2 hours. 

Another performance issue with NWP-based nowcasts relates to the latency of the boundary 
conditions. This arises because domain sizes are usually small and are nested in coarser 
resolution forecasts or larger domain forecasts with less frequent analysis cycling and later 
data cut-off times. The consequences are that the boundary conditions and synoptic scale 
forcing cannot be refreshed as frequently or as recently on the larger domain(s) as they are 
on the nowcast inner domain. This limits the skill at longer forecast ranges and possibly 
close to the boundaries. 

Nonetheless, the advantage of NWP-based nowcasting lies in the fact that model 
formulation, dynamical equations and physical parameterizations can predict the non-linear 
evolution of weather elements and, in particular, the generation and decay of precipitating 
weather systems. 

5.3 A status report 

To investigate the direct use of NWP for nowcasting, the Met Office in the UK is developing 
an hourly cycling 4D-Var high resolution (1.5 km) NWP system to run on a domain covering 
southern England (see section 5.4). This is nested within the most recent forecasts for the 
whole of the UK (1.5 km resolution forecasts produced every 6 hours  from  3 hourly 3D-Var 
data assimilation cycles at 3 km resolution) to obtain boundary conditions. The latter may be 
up to 6 hours old. Although 4D-Var is more expensive than 3D-Var, the aim is to evaluate 
the benefit of assimilating high time-frequency sub-hourly data (Ballard et al., 2011): see 
section 5.4 for more details. 

Over the past 20 years, NCAR has undertaken many studies to explore the assimilation of 
radar data into high resolution cloud and NWP forecast models. These have included using 
the Variational Doppler Radar Assimilation System (VDRAS – Sun, 2005a, 2005b; Sun & 
Crook, 1994, 1997, 1998, 2001; Sun & Zhang, 2008) with 4D-VAR (Sun et al., 1991, 2012). 
These tend to use very short time-windows and have exploited the mesoscale model, MM5 
3D-Var (Xiao et al., 2005) and the Weather Research & Forecasting Model (WRF) 3D-Var and 
4D-VAR, or ensemble Kalman filter (Caya et al., 2005). These were run using VDRAS as part 
of the forecast demonstration project during the Beijing Olympics (Sun et al., 2010). 

Meteo-France has a 2.5 km, 3-hourly cycling 3D-Var scheme covering France (the 
Application of Research to Operations at Mesoscale – AROME-France). This has been 
operational since December 2008 (Seity et al., 2011; Brousseau et al., 2011). Radial Doppler 
winds (Montmerle & Faccani, 2009) and humidity profiles derived from radar reflectivity 
(Caumont et al., 2010) are assimilated. Meteo-France is also undertaking a project entitled, 
“AROME-Nowcasting”, to adapt their 2.5 km grid length model, AROME, to meet the 
requirements of nowcasting. The main difference to AROME-France is the production of an  
analysis every hour, but without cycling. The potential benefits of a system called AROME-
airport, based at Charles de Gaulle airport near Paris, are also being explored. This model 
will provide an input to a Wake-Vortex forecast model. The main goal is to add new, 
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dedicated observations, and to run a 500 m grid length model in a configuration comparable 
with conventional nowcasts (Ludovic Auger, MeteoFrance, personal communication 
WMO/WWRP Workshop on Use of NWP for Nowcasting, Boulder 2011). 

DWD has a 2.8 km forecast model with a nudging assimilation scheme (Consortium for 
Small-scale Modeling, COSMO) covering Germany (COSMO-DE, Stephan et al., 2008) and is 
developing PP KENDA ( Priority Project "KENDA" – Km-scale Ensemble-based Data 
Assimilation) for a 1 km-3 km scale Ensemble Prediction System known as LETKF (Local 
Ensemble Transform Kalman Filter; Ott et al., 2004). MeteoSwiss is running a 2 km version 
of COSMO. Various collaborating meteorological services are running, or are planning to 
run versions of these systems. 

The HIRLAM (HIgh Resolution Limited Area Model) European community run their 3D-
Var system (Gustafsson et al., 2001) with the HIRLAM model at grid lengths down to about 
3.3 km and are developing a new HARMONIE system to run at about 2.5 km. They have 
also run experiments comparing three hourly and hourly cycling at 11 km and are exploring 
the impact of GPS and Doppler radar radial wind data (Magnus Lindskog, HIRLAM 
personal communication WMO/WWRP Workshop on Use of NWP for Nowcasting, 
Boulder 2011 and HIRLAM Newsletter No. 58, November 2011). 

In the USA, NCEP (National Center for Enviromental Prediction) has an operational RUC 
(Rapid Update Cycle) system with hourly data assimilation (Benjamin et al., 2004). As of  
September 2011, this was due to be replaced by the Rapid Refresh.  The RR uses a version of 
the WRF model (currently v3.2+) and the Grid-point Statistical Interpolation (GSI) analysis 
largely developed at NCEP/EMC (Environmental Modelling Center, NOAA), using hourly 
cycling and a 13 km grid length. NCEP also run a 3 km model nested in the RR, but this has 
no separate data assimilation (Steve Weygandt et al., Earth System Research Lab, Boulder, 
personal communication WMO/WWRP Workshop on Use of NWP for Nowcasting, 
Boulder 2011, Stensrud et al., 2009; Smith et al., 2008; Weygandt et al., 2008). 

In Japan, JMA (Japan Meteorological Agency)  runs a Mesoscale Model (MSM) for Japan and 
its surrounding areas using a 5 km grid length and 4D-VAR with forecasts every 3 hours to 
15 or 33 hours (Honda et al., 2005; Saito et al., 2006). This is a non-hydrostatic model (JMA-
NHM). Development of NWP at a higher resolution (Local Forecast Model, LFM) is also in 
progress to help produce sophisticated disaster-prevention and aviation information 
services. 

A trial operation of a 9-hour LFM forecast run on a 2 km grid length was performed in 2010 
and 2011, and operational implementation is scheduled to start in 2012. LFM also uses JMA-
NHM as a forecast model, and its initial condition is generated from a 3D-Var rapid update 
cycle. The cycle uses the MSM forecast as the first guess, and runs a JMA non-hydrostatic 
model-based variational data assimilation system (JNoVA) – a 3DVar (a degenerate version 
of JNoVA-4DVar) analysis and 1-hour JMA-NHM forecast in turn – over 3 hours using a      
5 km grid length. 

The Korean Meteorological Agency (KMA) is currently running the WRF 3D-Var (Barker et 
al., 2004, Xiao et al., 2008) at 10 km but is planning to use the 1.5 km, variable resolution Met 
Office Unified Model (UM) system with 3D-Var in the near future. In the past they have 
tested a 3.3 km version of WRF 4D-Var (Huang et al., 2009). 
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Also, traditional nowcasts can produce forecasts within a few minutes of data time, but 
complex data assimilation methods and numerical integration of the governing atmospheric 
equations are more costly and therefore take longer. However, if these techniques produce 
improved forecasts at longer lead times, the benefits outweigh the timeliness issue and 
reduced accuracy in the first 2 hours. 

Another performance issue with NWP-based nowcasts relates to the latency of the boundary 
conditions. This arises because domain sizes are usually small and are nested in coarser 
resolution forecasts or larger domain forecasts with less frequent analysis cycling and later 
data cut-off times. The consequences are that the boundary conditions and synoptic scale 
forcing cannot be refreshed as frequently or as recently on the larger domain(s) as they are 
on the nowcast inner domain. This limits the skill at longer forecast ranges and possibly 
close to the boundaries. 

Nonetheless, the advantage of NWP-based nowcasting lies in the fact that model 
formulation, dynamical equations and physical parameterizations can predict the non-linear 
evolution of weather elements and, in particular, the generation and decay of precipitating 
weather systems. 

5.3 A status report 

To investigate the direct use of NWP for nowcasting, the Met Office in the UK is developing 
an hourly cycling 4D-Var high resolution (1.5 km) NWP system to run on a domain covering 
southern England (see section 5.4). This is nested within the most recent forecasts for the 
whole of the UK (1.5 km resolution forecasts produced every 6 hours  from  3 hourly 3D-Var 
data assimilation cycles at 3 km resolution) to obtain boundary conditions. The latter may be 
up to 6 hours old. Although 4D-Var is more expensive than 3D-Var, the aim is to evaluate 
the benefit of assimilating high time-frequency sub-hourly data (Ballard et al., 2011): see 
section 5.4 for more details. 

Over the past 20 years, NCAR has undertaken many studies to explore the assimilation of 
radar data into high resolution cloud and NWP forecast models. These have included using 
the Variational Doppler Radar Assimilation System (VDRAS – Sun, 2005a, 2005b; Sun & 
Crook, 1994, 1997, 1998, 2001; Sun & Zhang, 2008) with 4D-VAR (Sun et al., 1991, 2012). 
These tend to use very short time-windows and have exploited the mesoscale model, MM5 
3D-Var (Xiao et al., 2005) and the Weather Research & Forecasting Model (WRF) 3D-Var and 
4D-VAR, or ensemble Kalman filter (Caya et al., 2005). These were run using VDRAS as part 
of the forecast demonstration project during the Beijing Olympics (Sun et al., 2010). 
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dedicated observations, and to run a 500 m grid length model in a configuration comparable 
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In Japan, JMA (Japan Meteorological Agency)  runs a Mesoscale Model (MSM) for Japan and 
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services. 
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NHM as a forecast model, and its initial condition is generated from a 3D-Var rapid update 
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model-based variational data assimilation system (JNoVA) – a 3DVar (a degenerate version 
of JNoVA-4DVar) analysis and 1-hour JMA-NHM forecast in turn – over 3 hours using a      
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The Korean Meteorological Agency (KMA) is currently running the WRF 3D-Var (Barker et 
al., 2004, Xiao et al., 2008) at 10 km but is planning to use the 1.5 km, variable resolution Met 
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Over recent years, CAPS (Center for Analysis and Prediction of Storms, Oklahoma, USA) 
has been carrying out experimental, real time forecasting including the generation of 1 km 
grid length forecasts on a continental U.S. domain once a day, and the production of rapidly 
updated NWP-model-based nowcasts producing two hour, 1 km forecasts every 10 minutes 
(Xue et al., 2011; Kong et al., 2011; Clark et al., 2011; Brewster et al., 2010). These forecasts 
assimilate US operational WSR-88D radar data and/or high-resolution experimental X-band 
radar data, with and without assimilation cycles. 

Comparison forecasts show systematically positive impacts of assimilating radar data on 
short-range precipitation forecasting, lasting up to 12 hours on average. To address forecast 
uncertainty and to provide probabilistic forecast information, storm-scale ensemble 
predictions have also been carried out and the products have been evaluated at an 
experimental forecasting facility. Extensive research has also been undertaken using 
ensemble-based data assimilation methods for initializing storm-scale NWP models, with 
very promising results.  

CAPS has investigated a Mesoscale Convective System/vortex case study exploiting nested 
400m /2 km grids and assimilating radar data at 5 min intervals using their Advanced 
Regional Prediction System (ARPS) 3DVAR+cloud analysis (Schenkman et al., 2011a) as 
well as EnKF (Snook et al., 2011). These show data impact on Collaborative Adaptive 
Sensing of the Atmosphere (CASA; Schenkman et al., 2011b) and probabilistic forecast skill 
with EnKF analyses (Snook et al., 2011; 2012). 

Environment Canada has begun developing a convective-scale EnKF in order to examine 
the assimilation of radar data (e.g. over the Montreal region; Luc Fillion, personal 
communication WMO/WWRP Workshop on Use of NWP for Nowcasting, Boulder 2011). 
This is based on adaptation of the Global EnKF code available at Environment Canada 
(Houtekamer & Mitchell scheme) to a limited-area domain. The analysis step and the 
forecast model configuration (1 km horizontal grid length) are being validated. 

5.4 Development of an NWP-based nowcasting system in the UK  

5.4.1 Progress to date 

The Met Office has run an operational, 4 km grid length NWP model for the UK (UK4) since 
December 2005. It has also run a 1.5 km UK configuration (UKV) routinely since summer 
2010. Both models use three-hourly cycling 3D-Var and produce forecasts to 36 hours ahead 
with 70 levels. These are based on the Met Office’s Unified Model (Davies et al., 2005) and 
variational data assimilation system (Lorenc et al., 2000; Rawlins et al., 2007), plus latent 
heat nudging (Macpherson et al., 1996; Jones & Macpherson, 1997; Dixon et al., 2009). They 
also include direct variational assimilation of analysed 3D cloud cover via associated 
relative humidity. The UKV has a 1.5 km grid length over the UK and a 4km stretched 
boundary nested in the 12 km NAE (North Atlantic and European) model. The UKV uses     
3 km 3D-VAR over the whole domain. Collaborations with KMA and CAWCR (Centre for 
Australian Weather and Climate Research, Australian Government Bureau of Meteorology) 
are aiming to implement 1.5 km versions of the UM with 3D-Var or 4D-Var. 

The Met Office’s UK Post-Processing system (UKPP) incorporates a STEPS precipitation 
nowcast (Bowler et al., 2006). This combines a stochastic, radar-based extrapolation nowcast 
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with UK4 or UKV precipitation forecasts. An 8 member ensemble and control member 
(unperturbed) nowcast to T+7 h are produced every 15 minutes. Recent Root Mean Squared 
Factor error statistics for STEPS control member advection nowcasts and UK4 and UKV 
forecasts of precipitation have shown that STEPS nowcasts are superior in the first 2.5 hours 
(see Figure 3). 

 
Fig. 3. Root Mean Squared Factor errors for November 2009 based on hourly accumulations 
greater than 1mm, smoothed to a scale of 6km, and measured using radar derived 
accumulations as the reference observation. The performance of 1.5 km (green) and 4 km 
(red) grid length, UK configurations of the Met Office’s Unified Model are compared with 
control member STEPS nowcasts blending radar extrapolation with UM: 1.5 km (purple) 
and UM: 4km (blue) model forecasts. The performance of the STEPS nowcast blending 
extrapolation with the UM: 1.5 km forecast does not asymptote to that of UM: 1.5 km model 
because this was an experimental configuration run without prior calibration. 

The implementation of an NWP-based nowcast system in the Met Office is focused on 
improving the prediction of convective storms for flood forecasting. The ultimate aim is to 
replace the existing extrapolation-based precipitation nowcasts and site specific forecasting 
techniques. Boundary conditions will be provided by the 6 hourly 1.5 km UKV system. 

An hourly analysis and forecast system for southern England has been run experimentally 
for a limited number of cases of summer rain and convection, using conventional data and 
3D-Var or 4D-Var, plus latent heat nudging of radar derived rain rates and humidity 
nudging based on analysed 3D cloud cover nudging (Macpherson et al., 1996; Jones & 
Macpherson, 1997; Dixon et al., 2009). The direct variational assimilation of cloud cover has 
not yet been tested in the hourly cycling system. This has used a fixed 1.5 km resolution 
configuration of the Unified Model and a 3 km resolution 4D-Var grid or 1.5 km and 3 km 
resolution 3D-Var grid. 
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improving the prediction of convective storms for flood forecasting. The ultimate aim is to 
replace the existing extrapolation-based precipitation nowcasts and site specific forecasting 
techniques. Boundary conditions will be provided by the 6 hourly 1.5 km UKV system. 
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for a limited number of cases of summer rain and convection, using conventional data and 
3D-Var or 4D-Var, plus latent heat nudging of radar derived rain rates and humidity 
nudging based on analysed 3D cloud cover nudging (Macpherson et al., 1996; Jones & 
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The ultimate aim is to use 4D-VAR, if affordable and beneficial, in a real-time, routinely 
running NWP-based nowcast system. This will exploit high resolution (in time and space) 
Doppler radar measured radial winds and reflectivity or derived surface rain rates directly 
within the variational analysis scheme. Direct use in 4D-VAR should allow optimum 
extraction of information through interaction with other data sources, and the potential to 
modify the dynamical and physical forcing of precipitation and convective storms.  

Research is also proceeding to investigate the background errors, balances and control 
variables required for use in convective scale data assimilation. The aim is to have a real-
time system running continuously from summer 2012 for southern England. 

5.4.2 A case study comparison of conventional and NWP-based nowcasts 

Figure 4 compares T+1 hour, T+2 hour and T+3 hour STEPS control member nowcasts of 
surface precipitation rate, all valid at 2100 UTC on 3 June 2007 with a radar-based analysis 
of surface precipitation rate for the same time. At T+3 h, the STEPS nowcast is a combination 
of an extrapolation nowcast and UK4 forecast precipitation. The UK4 forecast tends to 
produce individual convective precipitation elements that are too large. It also fails to 
predict the full extent of the bands of convective precipitation to the east of the precipitation 
area lying through south-west England and west Wales. At T+2 hours, the STEPS scheme 
has re-produced the line of convection in the east but this is too narrow, possibly due to 
convergence in the diagnosed advection velocity field. By T+1 h, a reasonable nowcast has 
been produced. 

 
Fig. 4. STEPS T+0 h, T+1 h, T+2 h and T+3 h nowcasts of surface rain rate all valid at 2100 
UTC on 3 June 2007. The key shown on the right-hand side represents precipitation rate in 
units of mm/h. Dry areas are shown in white. Note that dark blue areas in the STEPS 
nowcasts are not included in the colour key. These represent light drizzle. 
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Figure 5 shows the evolution of radar derived surface rain rate between 1200 UTC and    
2100 UTC on 3 June 2007. It is apparent that a rain band in the west over Ireland at           
1200 UTC reduces in intensity and moves only slightly eastward during the following           
9 hours. However, bands to the east develop from about 1700 UTC onwards and intensify. 
The STEPS nowcast from 1800 UTC has not been able to reproduce the development of the 
eastern-most rain band seen in Figure 5. Nowcasts starting from later analysis times contain 
more precipitation but tend, incorrectly, to maintain the shape of individual features. 

 
Fig. 5. Radar derived surface rain rates valid between 1200 UTC and 2100 UTC on 3 June 
2007. The data for 1800 UTC, 1900 UTC, 2000 UTC and 2100 UTC were used to derive the 
T+3 h, T+2 h, T+1 h and T+0 h STEPS nowcasts shown in Fig. 4. The key shown below 
represents precipitation rate in units of mm/h. Note that dry areas are represented by the 
colour white. 

Figure 6 compares T+1 hour, T+2 hour and T+3 hour 1.5 km NWP-based nowcasts of 
surface precipitation all valid at 2100 UTC on 3 June 2007 with radar derived precipitation 
rates for the same time. This model has used latent heat nudging of radar derived rain rates 
available every 15 minutes, and nudging of hourly humidity derived from 3-D cloud cover 
analyses in conjunction with hourly cycles of 4D-Var assimilation of conventional 
observations over 1 hour time windows. The NWP nowcasts improve at shorter lead times 
due to the benefit of data assimilation. In particular, they benefit from the latent heat 
nudging of surface precipitation rates derived from the sub-hourly radar data. In 
comparison with the STEPS nowcasts, the 1.5 km NWP nowcast has a better representation 
of the rain band in the east at both T+3 hours and T+2 hours. However, the representation of 
the rain in the south-west of England is inferior.  
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available every 15 minutes, and nudging of hourly humidity derived from 3-D cloud cover 
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Fig. 6. A prototype Met Office NWP-based analysis (T+0 h) and T+1h, T+2h and T+3h 
nowcasts of surface rain rate generated using 4D-Var assimilation with latent heat nudging 
of the radar derived surface rain rates. All fields are valid at 2100 UTC on 3 June 2007. The 
area of coverage is the full domain of the prototype NWP-based nowcasting system. Note 
that dry areas are represented by the colour white. 

Nonetheless, since this comparison is a first attempt without optimization of the data 
assimilation scheme and without the exploitation of more frequent conventional and 
Doppler radar measured radial wind observations, this is a very promising result. The 
forecast in the south-west can be improved by assimilation of 15 minute time frequency GPS 
water vapour data. At present, these are only available 90 minutes after data time so cannot 
be used in a nowcast system. Work is underway to make the UK GPS data available closer 
to data time. 

Another potential source of water vapour information comes from radar refractivity by 
exploiting the interaction of the radar beam with ground clutter. Work is underway with 
Reading University to investigate the potential for obtaining this information from the UK 
weather radar network. 

Direct assimilations of radar derived surface precipitation rates within 4D-Var is being 
investigated as well as direct or indirect assimilation of radar reflectivity, the latter through 
derived temperature and humidity increments from external 1D-Var assimilation of 
multiple beam elevations in vertical columns. 
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5.4.3 Use of Doppler radar derived winds 

Potentially, weather radar provides a high resolution source of wind observations via the 
Doppler returns from hydro-meteors and insects. Currently, four weather radars in the 
south of England produce Doppler radial winds operationally every 5 minutes when there 
is precipitation (see Figure 7). The radars each perform scans at 5 elevations. The majority 
are at 1, 2, 4, 6 and 9 degrees, although one radar near London scans at 1, 2, 4, 5 and 5.5 
degree elevations. Doppler winds are available to a range of about 100 km. This provides 
a small amount of dual or triple Doppler overlap in southern England as can be seen in 
Figure 7. 

 
Fig. 7. A comparison of UK weather radar network coverage (left) and Doppler radar radial 
wind coverage (right) as of 8 January 2008. The key shown bottom-left represents 
precipitation rate in units of mm/hour. Note that dry areas in the left-hand graphic are 
represented by the colour black. The grey shading indicates areas without UK weather radar 
coverage.  

Code has been developed to allow their processing, quality control, monitoring, super-
obbing and data assimilation.  Super-obbing is the process of combining observations that 
are of higher resolution than the forecast or analysis grid to reduce the data volume               
(Lorenc, 1981) and representativeness errors. Trials have been run to investigate the impact 
of Doppler radar radial winds on UK4 model forecasts using 3D-Var. The use of Doppler 
radial wind scans valid at analysis time was made operational in the UK configurations of 
the Unified Model in 2011. Three-hourly radial winds now replace hourly VAD winds from 
the same radars in the three-hourly 3D-Var cycles. 

Much work has been done on specification of observation errors and investigating the 
impact of  super-ob variances, errors derived from observation-background variances and 
errors derived from the Hollinsgworth and Lonnberg technique (Hollingsworth & 
Lonnberg, 1986). 

The impact of Doppler radar radial wind data has been assessed over southern England 
using a prototype nowcasting system with a 1.5 km grid length model and hourly cycling  
1.5 km 3D-VAR. For the initial tests, only the radar scans closest to the analysis hour were 
selected from each radar for assimilation. Initial subjective and objective verification looks 
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errors derived from the Hollinsgworth and Lonnberg technique (Hollingsworth & 
Lonnberg, 1986). 

The impact of Doppler radar radial wind data has been assessed over southern England 
using a prototype nowcasting system with a 1.5 km grid length model and hourly cycling  
1.5 km 3D-VAR. For the initial tests, only the radar scans closest to the analysis hour were 
selected from each radar for assimilation. Initial subjective and objective verification looks 
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promising. The location and coverage of precipitation is affected and improved in some 
situations. Figure 8 shows the increase in Fractional Skill Score (Roberts & Lean, 2008) of 
forecast hourly precipitation accumulations due to assimilation of radial winds from the 
four Doppler radars over southern England. These results are based on four case studies of 
about 10-19 cycles each, using hourly cycling 3D-Var and 11 hour forecasts. The results 
imply an hour’s gain in skill in the earliest hours of the forecasts and a positive impact out to 
T+6 hours. The extent of the impact is limited by the small size of the domain and the spread 
of information from the boundary conditions into the domain. 

 
Fig. 8. ΔFSS for a 0.2 mm hourly precipitation accumulation threshold at a scale of 55km. 
Positive values of ΔFSS are indicative of forecast skill.  The performance of the control 
forecast (blue) is compared with that of a forecast incorporating Doppler radial winds with a 
specified observation error derived from O-B statistics and referred to as representativeness 
error (red), and a similar forecast including Doppler radial winds with the 
representativeness error plus the super-observation standard deviation as the observation 
error (green). 

Work continues on the specification of observation error and to test the impact of hourly 
and higher time frequency data in the 4D-Var prototype nowcasting system. The impact and 
areal influence of observations in a NWP analysis depends on the background error 
correlation and covariances (i.e. the short range forecast error) at the analysis time, in 
addition to the observation error itself. The background errors can have a significant impact 
on forecast quality and the benefit afforded by the observations. Thus, work is underway to 
define improved errors for the 1.5 km grid length forecasts, both in terms of correlations 
between variables, length scales and error variances. These need to extract longer time and 
synoptic scale information as well as information at shorter time and spatial scales from 
radar data with high spatial and time resolutions. This is very challenging work. 

 
Nowcasting 

 

121 

Work with Reading University has been undertaken to look at the potential for use of winds 
derived from insect returns in fine weather (Rennie et al., 2010). This will continue in 
collaboration with CAWCR in Australia. Radar returns only give radial winds (i.e. in the 
direction of the radar beam) rather than 3-D wind components, so the additional 
information in areas of overlapping radars (dual-Doppler) may increase the impact of wind 
retrievals in those locations. 

5.4.4 Conclusions and further work 

1.5 km grid length NWP in the Met Office is showing promise in the very short range 
prediction of convection over the UK. Previous sections have highlighted the potential 
benefits of using radar derived precipitation rates through latent heat nudging on top of 4D-
Var and of using Doppler radar derived radial winds in 3D-Var. 

4D-Var has the potential to exploit higher time frequency observations and to extract more 
information from them than 3D-Var. Therefore, research is continuing on the use of high 
time frequency Doppler radial winds, direct application of radar derived surface 
precipitation rate, and direct and indirect use of multi-elevation volume scan reflectivity in 
4D-Var. Although latent heat nudging is still showing benefit in forecasts, it cannot correctly 
represent resolved convection where latent heat release occurs in different locations to 
surface precipitation, so it is hoped to obtain benefits from direct 4D-Var or indirect 1D-Var 
assimilation of the reflectivity data. 

Unfortunately, 4D-Var is computationally expensive on the super-computer currently 
available to the Met Office. Therefore, research and development is being undertaken with 
both 3D-Var and 4D-Var systems. With a super-computer upgrade due in 2012, the aim is to 
start running a prototype real-time NWP-based nowcast system in 2012, hopefully with 4D-
Var if the upgrade provides sufficient computer resources.   

Due to the tight time constraints imposed by operational schedules, it may be necessary to 
move away from use of a time window centred on the analysis time to one finishing at the 
analysis time. High quality data sources such as GPS, which provide information on low 
level humidity, are currently only available 90 minutes after data time, although less 
accurate but more timely data may become available. There are many sources of information 
on different variables (e.g. GPS, radar refractivity, satellite imagery and surface observations 
for low level humidity). The usefulness of the different data sources will be investigated to 
provide an optimum system. The initial experiments reported here were undertaken nested 
within the UK 4 km NWP forecast system. Now, the nowcasting system is being tested 
embedded in the UK 1.5 km NWP forecast system. 

The skill of the convective scale nowcasts is very dependent on the accuracy of the 
synoptic forcing conditions both within the nowcast domain itself and the boundary 
conditions. Both the UK models and the embedded nowcast system use the same model 
and essentially the same data assimilation system. Errors in convective initiation can come 
from errors in the synoptic flow either as a result of lack of observations to correct model 
errors, or incorrect or sub-optimal use of observations. Finding the best way to extract 
synoptic scale and convective scale information from observations in both the nowcast 
system itself and in the forcing at the boundaries will be key to improvements in the skill 
of the nowcast. 
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Data sources such as GPS can be problematical because they are vertically integrated 
measurements depending on the accuracy of the specification of the forecast background 
errors, and interaction with other data sources to allocate changes to humidity in the vertical 
can have dramatic impacts on forecast precipitation. The use of high vertical and horizontal  
spatial and temporal resolution Doppler radar winds and reflectivity or rain rate data, and 
improvements in specification of forecast background errors, can lead to changes and 
improvements in the impact of different data sources and the accuracy of the precipitation 
in the early hours of the forecast. 

NWP systems can suffer from imbalances in the initial conditions leading to spin-up or spin-
down of precipitation in the initial stages of the forecast. Work to improve this will help to 
improve skill in the early hours of the nowcasts. Improvements in the skill of the forecast 
model itself in terms of precipitation biases are likely to help both the forecast and the 
ability to assimilate observations. We tend to use radar derived rain rates to verify the NWP 
forecasts, for assimilate into the models and to improve the formulation of the model. 
However, the radar data can have quality issues, for example relating to attenuation, and 
improvements in quality control and data processing are needed to ensure that the radar 
data are of high quality. 

The entire UK network of weather radars will gradually be updated to produce Doppler 
radial winds and also dual-polarization data and radar refractivity measurements. The use 
of radar data in NWP high resolution variational data assimilation has the potential to 
improve on current extrapolation-based nowcasts. To achieve this we need high quality 
radar data, fast processing (techniques and computer power), careful specification of 
observation and forecast background error covariances and correlations through the 
scientific design of the data assimilation system, and a good representation of the dynamical 
and microphysical processes in the NWP forecast model. 

In future it is hoped to exploit ensemble techniques in both the data assimilation and 
production of forecasts. If there is sufficient computer power available for hourly NWP 
forecasts to 12 hours, this will provide the potential for 6 hours of 1 hourly lagged ensemble 
forecasts and a measure of the predictability of the nowcasts. 

6. Application of radar-based precipitation nowcasts to hydrological 
forecasting and warning 
6.1 Overview 

Documented uses of radar data in hydro-meteorology are many and varied. They include 
numerous studies of the space-time structure of radar inferred precipitation fields (e.g. 
Harris et al., 2001), the compilation of precipitation climatologies (Panziera et al., 2011), the 
estimation of Probable Maximum Precipitation (Cluckie, Pessoa & Yu, 1991; Collier & 
Hardaker, 1996), reservoir design and safety (Cluckie & Pessoa, 1988), design storm 
modelling (Seed, 2003), urban drainage and waste water management (Cluckie & Tyson, 
1989; Schellart et al., 2009), river flow management (Lewin, 1986) and hydroelectric power 
generation (Baker, 1986). 

In addition to the above, operational radar-based precipitation nowcasts can be of great 
value in fluvial (river) flood prediction because they extend the lead time of flood warnings 

 
Nowcasting 

 

123 

by reducing reliance on crude assumptions regarding future precipitation. For pluvial 
(surface water) flood forecasting, predictions of future precipitation are essential because the 
time between the precipitation reaching the ground and any consequent flooding is very 
short (Golding, 2009). In this section we review some of the key developments in the use of 
radar for fluvial (river) flood prediction and warning.   

6.2 Hydrological requirements for precipitation observations 

It was the prospect of accurate, contiguous observations of precipitation over large areas 
that first stimulated hydrologists to explore the use of radar data for the prediction of run-
off and river flow. Early assessments of the value of radar data were mixed (Anderl et al., 
1976; Barge et al., 1979). This is not surprising given the reliance of these early experiments 
on deterministic precipitation estimates of variable accuracy, and the many factors known to 
impact on hydrological forecast performance. 

Hydrological requirements for precipitation observations and forecasts are a function of 
catchment size, morphology and land use, and the hydrological model used (Hudlow et al., 
1981). Many operational, hydrological forecasting models are lumped conceptual models in 
which the catchment response is modelled as a whole and the precipitation input is an areal 
average estimate. A number of authors have emphasized that the benefits of radar derived,  
spatially contiguous precipitation estimates can only be fully realized if used as input to 
distributed, conceptual or physically-based hydrological models (e.g. Moore, 1987). 

6.3 Impact of the spatial and temporal distribution of precipitation 

Wilson et al. (1979) found that a failure to properly represent the spatial distribution of 
rainfall, due to reliance on point observations from rain gauges, could produce significant 
errors in the total volume, peak and time to peak of an estimated hydrograph, even when 
the rainfall depth and its temporal evolution were accurately recorded at rain gauge sites.  
Errors were largest in cases of localized convective storms. Bedient and Springer (1979) 
demonstrated that the peak flows in a catchment could be enhanced when the precipitation 
moved in the direction of the stream. 

More recently, Bell and Moore (2000b) explored the sensitivity of lumped and distributed 
catchment rainfall–run-off models to time series of rainfall observations from radar and rain 
gauge, gridded to a range of spatial resolutions. For a small rural catchment, they confirmed 
the sensitivity of distributed model run-off to the spatial variability of rainfall. A 
comparison of the performances of lumped and distributed models showed similar levels of 
predictive skill in stratiform rain, but superior distributed model predictions during 
convective rainfall events. 

Ball (1994) examined the impact of the temporal evolution of the precipitation pattern on the 
time of concentration and peak discharge in a catchment. The time of concentration was 
shown to be sensitive to the temporal evolution of excess rainfall over the catchment, where 
as catchment peak discharge was not. Thus, timing errors in predicted flows can result if the 
time interval between precipitation observations is too long.  Collier (1996) suggests that a 
radar scan cycle of no more than 5 minutes is required to capture the time evolution of most 
convective precipitation fields. 
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6.4 Relationship between radar data resolution, catchment characteristics and 
hydrological model performance 

Various studies have examined the impact of the spatial and temporal resolution of 
remotely sensed precipitation observations on hydrological model performance (Krajewski 
et al., 1991; Pessoa et al., 1993; Obled et al., 1994; Ogden & Julien, 1994; Ball, 1994; Faurès et 
al,, 1995; Shah et al., 1996; Winchell et al., 1998; Bell & Moore, 2000b; Carpenter et al., 2001).  

Ogden and Julian (1994) explored the relationship between catchment size, and the 
correlation length and horizontal resolution of the radar derived precipitation fields input to 
a two-dimensional, physically-based hydrological model. They defined two, dimensionless 
length parameters and considered their impacts on the accuracy of predicted run-off. Storm 
smearing describes a reduction in the horizontal gradient of precipitation rate as the 
horizontal resolution of the radar data approaches its correlation length. Watershed smearing 
occurs when the horizontal resolution of the radar data approaches the characteristic length 
scale of the catchment (square root of the catchment area). Watershed smearing was shown 
to be the main source of error in predicting river flow over small catchments. Berenguer et 
al. (2005) point out that the sensitivity of hydrological models to biases in mean areal rainfall 
are due to the fact that river catchments act as integrators of the precipitation falling on 
them. 

Bell and Moore (2000b) emphasized the need to calibrate hydrological models with rainfall 
data for a given resolution. They found that the most skilful distributed rainfall-run-off  
model predictions were made with lower resolution rainfall data. This finding was 
interpreted as evidence for the need to improve distributed hydrological model formulation. 

6.5 Impact of radar intensity resolution 

The impact of the intensity resolution in radar data on hydrological forecast errors was 
investigated by Cluckie, Tilford & Shepherd (1991). They demonstrated that 8 intensity 
levels were adequate for the majority of rural and urban catchments in the majority of UK 
precipitation events. This is because the bulk of the relevant information content is 
concentrated at the low frequency end of the power spectrum. Nonetheless, in convective 
precipitation events, a reduction in intensity resolution may have an effect similar to that of 
the storm smearing described by Ogden and Julian (1994). 

6.6 Benefits of precipitation nowcasts to hydrological forecasting 

In the absence of precipitation forecasts, the lead time of flood warnings is limited by the 
catchment response time, a quantity dependent on catchment size, morphology and land 
use. Skilful precipitation forecasts offer the prospect of some forewarning of flash floods in 
small, fast responding catchments, and of extending the lead time of flood warnings in other 
catchments (Roberts et al., 2009).  

Although numerous authors have evaluated the impact of QPE algorithms on the utility of 
radar for hydrological forecasting there have been relatively few investigations of the 
benefits of precipitation nowcasts in this area. Cluckie and Owens (1987) compared the 
performance of stream flow forecasts made using a linear transfer function model and radar 
extrapolation nowcasts from FRONTIERS (Browning, 1979) against similar flow predictions 
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made using average past rainfall and an assumption of no more rain. In most cases, they 
found that nowcast driven hydrological forecasts outperformed the alternatives, although 
on one occasion they showed the former to be poor.  

Several decades later, a similar, case study orientated evalution of the utility of Nimrod 
(Golding, 1998) extrapolation nowcasts for rainfall-run-off modelling in Scotland (Werner 
and Cranston, 2009) drew similar conclusions: although errors in nowcast driven 
predictions of river flows could be substantial, they were smaller than those of flow 
forecasts made assuming zero future rainfall.  

Mecklenburg et al. (2001) found that COTREC-based radar extrapolation nowcasts 
(Lagrangian persistence) produced superior hydrological forecasts to Eulerian persistence 
using a lumped conceptual model.  In a similar vein, Berenguer et al. (2005) compared 
hydrological forecasts made with the S-PROG model (Seed, 2003) with those produced 
using a simpler, extrapolation-based precipitation nowcast in a Mediterranean environment. 
S-PROG utilizes a scale decomposition framework and associated hierarchy of auto-
regressive models to smooth the advected precipitation field at a rate that is consistent with 
its loss of predictive skill on a hierarchy of scales. This approach is intended to minimize the 
root mean squared forecast error. Berenguer et al. (2005) concluded that radar-based 
precipitation nowcasts in general could extend the lead time of useful hydrological forecasts 
from 10 minutes to over an hour in a fast response responding Mediterranean catchment.  
However, the results obtained with S-PROG were not significantly better than those 
obtained with a simpler Lagrangian persistence technique. 

Since one of the key benefits of radar is its ability to provide contiguous, instantaneous 
observations of precipitation over a wide area, other studies have focused their efforts on 
demonstrating the benefits of precipitation nowcasts when input to distributed hydrological 
models.  In these models, the run-off response can vary within a catchment according to the 
temporal and spatial variability of the rainfall, surface properties and antecedent wetness 
(Ivanov et al., 2004; Vivoni et al., 2005). Amongst other things, this capability allows time 
series of run-off to be generated at ungauged sites (Moore et al., 2007). 

Sharif et al. (2006) explored the potential of the National Center for Atmospheric Research’s 
Auto-Nowcaster to improve the lead time and accuracy of hydrological forecasts made with 
a physically-based distributed parameter model. Rain gauge and radar observation driven 
simulations were used as a baseline. Results confirmed that the use of precipitation 
nowcasts could significantly improve flood warning in urban catchments, even in the case 
of short-lived events in small catchments. Similar conclusions were drawn by Vivoni et al. 
(2006) in relation a set of small, mixed land-use catchments in Oklahoma, in this case using 
NEXRAD-based extrapolation nowcasts and a distributed hydrological model. 

6.7 Treatment of nowcast errors in hydrological forecasts 

Vivoni et al. (2007) explored the impact of errors in deterministic precipitation nowcasts on 
errors in flood forecasts using a distributed hydrological model and a range of catchment 
sizes. Their investigations showed that increases in nowcast error with lead time produced 
larger errors in the resulting hydrological forecasts. They demonstrated that the effects of 
nowcast errors could be simultaneously enhanced or dampened in different locations 
depending on forecast lead time and precipitation characteristics. Differences in error 
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interpreted as evidence for the need to improve distributed hydrological model formulation. 
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the storm smearing described by Ogden and Julian (1994). 

6.6 Benefits of precipitation nowcasts to hydrological forecasting 

In the absence of precipitation forecasts, the lead time of flood warnings is limited by the 
catchment response time, a quantity dependent on catchment size, morphology and land 
use. Skilful precipitation forecasts offer the prospect of some forewarning of flash floods in 
small, fast responding catchments, and of extending the lead time of flood warnings in other 
catchments (Roberts et al., 2009).  

Although numerous authors have evaluated the impact of QPE algorithms on the utility of 
radar for hydrological forecasting there have been relatively few investigations of the 
benefits of precipitation nowcasts in this area. Cluckie and Owens (1987) compared the 
performance of stream flow forecasts made using a linear transfer function model and radar 
extrapolation nowcasts from FRONTIERS (Browning, 1979) against similar flow predictions 
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made using average past rainfall and an assumption of no more rain. In most cases, they 
found that nowcast driven hydrological forecasts outperformed the alternatives, although 
on one occasion they showed the former to be poor.  

Several decades later, a similar, case study orientated evalution of the utility of Nimrod 
(Golding, 1998) extrapolation nowcasts for rainfall-run-off modelling in Scotland (Werner 
and Cranston, 2009) drew similar conclusions: although errors in nowcast driven 
predictions of river flows could be substantial, they were smaller than those of flow 
forecasts made assuming zero future rainfall.  

Mecklenburg et al. (2001) found that COTREC-based radar extrapolation nowcasts 
(Lagrangian persistence) produced superior hydrological forecasts to Eulerian persistence 
using a lumped conceptual model.  In a similar vein, Berenguer et al. (2005) compared 
hydrological forecasts made with the S-PROG model (Seed, 2003) with those produced 
using a simpler, extrapolation-based precipitation nowcast in a Mediterranean environment. 
S-PROG utilizes a scale decomposition framework and associated hierarchy of auto-
regressive models to smooth the advected precipitation field at a rate that is consistent with 
its loss of predictive skill on a hierarchy of scales. This approach is intended to minimize the 
root mean squared forecast error. Berenguer et al. (2005) concluded that radar-based 
precipitation nowcasts in general could extend the lead time of useful hydrological forecasts 
from 10 minutes to over an hour in a fast response responding Mediterranean catchment.  
However, the results obtained with S-PROG were not significantly better than those 
obtained with a simpler Lagrangian persistence technique. 

Since one of the key benefits of radar is its ability to provide contiguous, instantaneous 
observations of precipitation over a wide area, other studies have focused their efforts on 
demonstrating the benefits of precipitation nowcasts when input to distributed hydrological 
models.  In these models, the run-off response can vary within a catchment according to the 
temporal and spatial variability of the rainfall, surface properties and antecedent wetness 
(Ivanov et al., 2004; Vivoni et al., 2005). Amongst other things, this capability allows time 
series of run-off to be generated at ungauged sites (Moore et al., 2007). 

Sharif et al. (2006) explored the potential of the National Center for Atmospheric Research’s 
Auto-Nowcaster to improve the lead time and accuracy of hydrological forecasts made with 
a physically-based distributed parameter model. Rain gauge and radar observation driven 
simulations were used as a baseline. Results confirmed that the use of precipitation 
nowcasts could significantly improve flood warning in urban catchments, even in the case 
of short-lived events in small catchments. Similar conclusions were drawn by Vivoni et al. 
(2006) in relation a set of small, mixed land-use catchments in Oklahoma, in this case using 
NEXRAD-based extrapolation nowcasts and a distributed hydrological model. 

6.7 Treatment of nowcast errors in hydrological forecasts 

Vivoni et al. (2007) explored the impact of errors in deterministic precipitation nowcasts on 
errors in flood forecasts using a distributed hydrological model and a range of catchment 
sizes. Their investigations showed that increases in nowcast error with lead time produced 
larger errors in the resulting hydrological forecasts. They demonstrated that the effects of 
nowcast errors could be simultaneously enhanced or dampened in different locations 
depending on forecast lead time and precipitation characteristics. Differences in error 
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propagation between sub-catchments were effectively averaged out over larger catchment 
areas.  

Despite continuing incremental advances in radar technology and performance during the 
1970s and 1980s, a number of authors recognized that radar derived estimates of surface 
precipitation rate and accumulation would remain subject to hydrologically significant 
errors, particularly in hilly and mountainous areas. Collier and Knowles (1986) concluded 
that the full benefits of radar to operational hydrology would only be realized when ways 
could be found of accounting for these errors.  

This thinking coincided with a growing awareness of the need to develop operational 
systems integrating meteorological and hydrological forecast models (Georgakakos and 
Kavvas, 1987). Early examples of such systems are the Integrated Flood Observing and 
Warning System (IFLOWS) implemented in the USA (Barrett and Monro, 1981), and the 
Regional Communication Scheme in north-west England, integrating operational weather 
radar data with hydrological forecasting and warning under the North-West radar project 
(Noonan, 1987).  

More recently, a number of multi-national initiatives including HEPEX (e.g. Buizza, 2008; 
Pappenberger et al., 2008), MAP-D-Phase (Zappa et al., 2008; Bogner & Calas, 2008) and 
COST-731 (Rossa et al., 2011) have supported work to implement integrated flood 
forecasting systems exploiting weather radar. A number of UK-based research programmes, 
are relevant in this context, including HYREX (e.g. Mellor et al., 2000a,b; Bell & Moore, 
2000a), the Natural Environment Research Council’s Flood Risk from Extreme Events 
(FREE), the Engineering and Physical Sciences Research Council’s Flood Risk Management 
Research Consortium (FRMRC) and FLOODsite.  

Until Krzysztofowicz’s pioneering work (Krzysztofowicz, 1983, 1993, 1998, 1999, 2001) to 
develop and implement an integrated hydro-meteorological systems framework, 
incorporating a Bayesian treatment of uncertainties in data inputs and deterministic model 
forecasts, errors in the precipitation inputs to operational hydrological models tended to be 
handled through the use of what-if scenarios (Haggett, 1986; Werner et al., 2009). The 
derived distribution approach (Seo et al., 2000) developed by Krzysztofowicz exploits the 
total probability law to derive by quasi-analytic means the conditional probability 
distribution of river stage given the initial and boundary conditions, including future 
precipitation parameterized in the form of a probabilistic QPF.  

An alternative method for accounting for data input uncertainty entails the ingestion of 
ensemble precipitation forecasts into a hydrological model, whilst taking separate account 
of other sources of uncertainty contributing to the total uncertainty in the hydrological 
forecast variable of interest (Krzysztofowicz, 2001). Probabilities of exceeding specific river 
stage thresholds can then be estimated from the resulting ensemble of hydrographs 
(Schaake & Larson, 1998; Pierce et al., 2004). During the past decade, this ensemble approach 
has gained credence with the widespread implementation of operational ensemble NWP 
models and the development of stochastic nowcasting and post-processing techniques for 
the production of ensembles of high resolution precipitation nowcasts (e.g. Bowler et al., 
2006).  
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Carpenter and Georgakakos (2006) investigated the combined effects of radar rainfall errors 
and catchment size on the uncertainty in predicted river flow with the aid of a distributed 
hydrological model. Using a parsimonious model to represent the spatial structure and 
variance of radar errors, they demonstrated that ensemble spread in predicted flow was log-
linearly related to catchment scale. 

A handful of ensemble-based probabilistic QPN schemes have been developed during the 
past decade or so. These were described earlier in this Chapter and include the String of 
Beads Model (Pegram & Clothier, 2001; Berenguer et al., 2011), the Short-Term Ensemble 
Prediction System (Bowler et al., 2006) and a method  recently described by Kober et al. 
(2011). Here we draw a distinction between ensemble QPN schemes and others such as 
those described by Andersson and Iverson (1991) and Germann and Zawadzki (2004) which 
produce forecasts of the probability distribution of precipitation at a point. The latter cannot 
be used for ensemble-based probabilistic hydrological forecasting because they do not 
provide a complete description of the joint probability distribution of precipitation, which 
plays a key role in the hydrological response of a catchment. 

In the UK, the Department of the Environment, Fisheries and Rural Affairs and the 
Environment Agency recently funded an R&D project to explore the benefits of high 
resolution precipitation forecasts to fluvial flood prediction and warning (Schellekens et al., 
2010). The potential for operational use of ensemble rainfall nowcasts from STEPS (Bowler et 
al., 2006) was investigated in conjunction with lumped and distributed rainfall–run-off 
models. The evaluation included hydrological configuration issues, data volumes, run times 
and options for displaying probabilistic forecasts. No quantitative verification of the 
precipitation ensemble-driven hydrological forecasts was undertaken.  

Recently, the Environment Agency has implemented a nationally configured, distributed 
hydrological model, known as Grid-to-Grid (Bell et al., 2007). In the near future (2012), this 
model will be driven by ensemble precipitation forecasts integrating STEPS ensemble nowcasts. 

7. The future of nowcasting 
One of the major changes in the past decade has been the increase in the ability of the general 
population in developed countries to receive real-time information over a range of mobile 
platforms. This makes it possible to deliver location specific nowcasts to millions of users. 
They use this information to make routine decisions regarding leisure and other outdoor 
activities and very occasionally decisions relating to severe weather events. Mitigating damage 
due to severe weather has been the motivation for developing nowcasting systems in the past, 
but the focus is likely to change to providing routine nowcasting services to the general public.  
The current generation of nowcasting systems are already capable of delivering products that 
are useful in this context and the focus in the short term should be on developing the ability to 
customize and disseminate these to a very large number of users. 

Improved communications and computer capacity have also made it possible to routinely 
combine data from a network of weather radars into a single large domain, and to improve 
the algorithms that are used to provide quantitative radar rainfall estimates. Improvements 
in the QPE will continue as the radar hardware improves and the density of the radar 
networks increases. These improvements will allow for improvements in the quality of the 
nowcasts in the first hour.  
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propagation between sub-catchments were effectively averaged out over larger catchment 
areas.  
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precipitation rate and accumulation would remain subject to hydrologically significant 
errors, particularly in hilly and mountainous areas. Collier and Knowles (1986) concluded 
that the full benefits of radar to operational hydrology would only be realized when ways 
could be found of accounting for these errors.  

This thinking coincided with a growing awareness of the need to develop operational 
systems integrating meteorological and hydrological forecast models (Georgakakos and 
Kavvas, 1987). Early examples of such systems are the Integrated Flood Observing and 
Warning System (IFLOWS) implemented in the USA (Barrett and Monro, 1981), and the 
Regional Communication Scheme in north-west England, integrating operational weather 
radar data with hydrological forecasting and warning under the North-West radar project 
(Noonan, 1987).  

More recently, a number of multi-national initiatives including HEPEX (e.g. Buizza, 2008; 
Pappenberger et al., 2008), MAP-D-Phase (Zappa et al., 2008; Bogner & Calas, 2008) and 
COST-731 (Rossa et al., 2011) have supported work to implement integrated flood 
forecasting systems exploiting weather radar. A number of UK-based research programmes, 
are relevant in this context, including HYREX (e.g. Mellor et al., 2000a,b; Bell & Moore, 
2000a), the Natural Environment Research Council’s Flood Risk from Extreme Events 
(FREE), the Engineering and Physical Sciences Research Council’s Flood Risk Management 
Research Consortium (FRMRC) and FLOODsite.  

Until Krzysztofowicz’s pioneering work (Krzysztofowicz, 1983, 1993, 1998, 1999, 2001) to 
develop and implement an integrated hydro-meteorological systems framework, 
incorporating a Bayesian treatment of uncertainties in data inputs and deterministic model 
forecasts, errors in the precipitation inputs to operational hydrological models tended to be 
handled through the use of what-if scenarios (Haggett, 1986; Werner et al., 2009). The 
derived distribution approach (Seo et al., 2000) developed by Krzysztofowicz exploits the 
total probability law to derive by quasi-analytic means the conditional probability 
distribution of river stage given the initial and boundary conditions, including future 
precipitation parameterized in the form of a probabilistic QPF.  

An alternative method for accounting for data input uncertainty entails the ingestion of 
ensemble precipitation forecasts into a hydrological model, whilst taking separate account 
of other sources of uncertainty contributing to the total uncertainty in the hydrological 
forecast variable of interest (Krzysztofowicz, 2001). Probabilities of exceeding specific river 
stage thresholds can then be estimated from the resulting ensemble of hydrographs 
(Schaake & Larson, 1998; Pierce et al., 2004). During the past decade, this ensemble approach 
has gained credence with the widespread implementation of operational ensemble NWP 
models and the development of stochastic nowcasting and post-processing techniques for 
the production of ensembles of high resolution precipitation nowcasts (e.g. Bowler et al., 
2006).  
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Carpenter and Georgakakos (2006) investigated the combined effects of radar rainfall errors 
and catchment size on the uncertainty in predicted river flow with the aid of a distributed 
hydrological model. Using a parsimonious model to represent the spatial structure and 
variance of radar errors, they demonstrated that ensemble spread in predicted flow was log-
linearly related to catchment scale. 

A handful of ensemble-based probabilistic QPN schemes have been developed during the 
past decade or so. These were described earlier in this Chapter and include the String of 
Beads Model (Pegram & Clothier, 2001; Berenguer et al., 2011), the Short-Term Ensemble 
Prediction System (Bowler et al., 2006) and a method  recently described by Kober et al. 
(2011). Here we draw a distinction between ensemble QPN schemes and others such as 
those described by Andersson and Iverson (1991) and Germann and Zawadzki (2004) which 
produce forecasts of the probability distribution of precipitation at a point. The latter cannot 
be used for ensemble-based probabilistic hydrological forecasting because they do not 
provide a complete description of the joint probability distribution of precipitation, which 
plays a key role in the hydrological response of a catchment. 

In the UK, the Department of the Environment, Fisheries and Rural Affairs and the 
Environment Agency recently funded an R&D project to explore the benefits of high 
resolution precipitation forecasts to fluvial flood prediction and warning (Schellekens et al., 
2010). The potential for operational use of ensemble rainfall nowcasts from STEPS (Bowler et 
al., 2006) was investigated in conjunction with lumped and distributed rainfall–run-off 
models. The evaluation included hydrological configuration issues, data volumes, run times 
and options for displaying probabilistic forecasts. No quantitative verification of the 
precipitation ensemble-driven hydrological forecasts was undertaken.  

Recently, the Environment Agency has implemented a nationally configured, distributed 
hydrological model, known as Grid-to-Grid (Bell et al., 2007). In the near future (2012), this 
model will be driven by ensemble precipitation forecasts integrating STEPS ensemble nowcasts. 

7. The future of nowcasting 
One of the major changes in the past decade has been the increase in the ability of the general 
population in developed countries to receive real-time information over a range of mobile 
platforms. This makes it possible to deliver location specific nowcasts to millions of users. 
They use this information to make routine decisions regarding leisure and other outdoor 
activities and very occasionally decisions relating to severe weather events. Mitigating damage 
due to severe weather has been the motivation for developing nowcasting systems in the past, 
but the focus is likely to change to providing routine nowcasting services to the general public.  
The current generation of nowcasting systems are already capable of delivering products that 
are useful in this context and the focus in the short term should be on developing the ability to 
customize and disseminate these to a very large number of users. 

Improved communications and computer capacity have also made it possible to routinely 
combine data from a network of weather radars into a single large domain, and to improve 
the algorithms that are used to provide quantitative radar rainfall estimates. Improvements 
in the QPE will continue as the radar hardware improves and the density of the radar 
networks increases. These improvements will allow for improvements in the quality of the 
nowcasts in the first hour.  
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There are still incremental gains to be made by improving the accuracy of the tracking 
algorithms and by combining the cell tracking and field advection paradigms into a single 
advection scheme. More generally, there is evidence that the cell tracking and field tracking 
systems are complementary, so rather than viewing them as competitors there should be 
value in developing a way of optimally combining the forecasts from several nowcasting 
systems based on an analysis of which system is likely to be providing better nowcasts in 
any given situation.  

Predicting the initiation and decay of convective storms will continue to be a major focus for 
research because gains in this area will lead to significant improvements in the accuracy of 
nowcasts beyond 30 minutes. The problem with heuristic and analogue techniques is that 
they require large data sets for calibration, and the associated conceptual models that are 
developed tend to be location specific. This can be overcome if a way can be found to allow  
the algorithms to learn as they go, based on the results of routine real-time verification.  

Possibly the major use of radar data in the future will be for assimilation into NWP models 
of the national weather services that run radar networks. Empirical advection nowcasting 
will continue to provide nowcasts, but for more limited lead times as the NWP models gain 
accuracy at shorter lead times. Not all users will be able to afford the costs of a full NWP 
system that is able to assimilate radar data and there will continue to be a demand for fast 
and cheap rainfall nowcasts for specific purposes.  

Forecast errors, rather like death and taxes, will always be with us and the future lies in 
using ensembles or other techniques to convey the uncertainty in the current forecast to the 
users. Further research on quantifying forecast errors and understanding how they depend 
on location and meteorological situation is required before we are able to demonstrate that 
the spread in a nowcast ensemble fully represents the uncertainty. There is also a need to 
develop probabilistic nowcasting systems that do not only forecast rainfall, but are used to 
forecast end-user impacts, for example the traffic capacity of an air-corridor, or the water 
level in a river. 
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1. Introduction 
Storm events have long been a menace to Mexico City. The main reason is related to the fact 
that in summer, many showers can reach intensities of more than 20 mm/hour, which makes 
difficult the management of the drainage system in various areas of the city. As instance 
discharges of large magnitudes in the western part of the city are an element of danger, as they 
lead to flash flood that inundate populated areas downstream in a matter of minutes. Recent 
flooding events in Mexico City have revealed its vulnerability to severe weather conditions. 
Although regularization programs and new urban land policies are been implemented by the 
council government, there are still many families living in high risk areas. These areas over 
hillsides, and irregular human settlements still proliferate. Usually, severe storms can cause 
hazard landslides because unstable landfills and deforested hill slopes. On the other hand in the 
flat parts of the city, faulty drainage systems usually cause sewage flooding after continuous 
rain events. The urban sprawl undergone in the last half century, has not kept pace with urban 
services such as drainage. In the rainy season, puddles arise, sometimes caused by the presence 
of silt and debris in the ducts and the drainage system capacity is exceeded, and in other cases 
there are no absorption wells in areas with problems in the drainage network. Additionally, the 
lack of maintenance of dams and channels can also result in severe flooding problems. In most 
cases, the intense rainfall events produce merely an emergency response of fire departments. 

In the last three decades there have been major advances in remote sensing techniques for 
estimation of rain, mainly in the use of meteorological radar and weather satellites, 
increasing the availability of rainfall data for operational meteorological and hydrological 
applications. Precipitation estimates derived from meteorological radar are useful in runoff 
simulation in urban drainage. Spatial distribution of radar rainfall used as input to a 
distributed hydrological model permit to characterize the performance of drainage 
infrastructure at local and regional scale. Radar data used in this analysis are obtained from 
C-band radar deployed at western Mexico Valley basin and derived rainfall estimates 
provides the input to a distributed hydrologic model applied to the Mixcoac 
microwatershed located at western Mexico basin. Radar and distributed hydrologic model 
are capable to provide accurate rainfall and runoff data supporting specific-site flood 
information and, also provides a baseline for comparison and guides design of radar 
network as one component of an early warning system for the region.  
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that in summer, many showers can reach intensities of more than 20 mm/hour, which makes 
difficult the management of the drainage system in various areas of the city. As instance 
discharges of large magnitudes in the western part of the city are an element of danger, as they 
lead to flash flood that inundate populated areas downstream in a matter of minutes. Recent 
flooding events in Mexico City have revealed its vulnerability to severe weather conditions. 
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of silt and debris in the ducts and the drainage system capacity is exceeded, and in other cases 
there are no absorption wells in areas with problems in the drainage network. Additionally, the 
lack of maintenance of dams and channels can also result in severe flooding problems. In most 
cases, the intense rainfall events produce merely an emergency response of fire departments. 

In the last three decades there have been major advances in remote sensing techniques for 
estimation of rain, mainly in the use of meteorological radar and weather satellites, 
increasing the availability of rainfall data for operational meteorological and hydrological 
applications. Precipitation estimates derived from meteorological radar are useful in runoff 
simulation in urban drainage. Spatial distribution of radar rainfall used as input to a 
distributed hydrological model permit to characterize the performance of drainage 
infrastructure at local and regional scale. Radar data used in this analysis are obtained from 
C-band radar deployed at western Mexico Valley basin and derived rainfall estimates 
provides the input to a distributed hydrologic model applied to the Mixcoac 
microwatershed located at western Mexico basin. Radar and distributed hydrologic model 
are capable to provide accurate rainfall and runoff data supporting specific-site flood 
information and, also provides a baseline for comparison and guides design of radar 
network as one component of an early warning system for the region.  
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The international practice aims at a comprehensive approach to flood management in 
response not only to the consequences of a specific event, but measures that starting from 
the prediction of extreme events and monitoring for early warning purposes to 
establishment of civil protection measures for those affected by the occurrence of such 
events and the hazard remediation, including infrastructure development and non-
structural measures to reduce the vulnerability. 

The structure of this work is as follows. Section 2 presents the summer precipitation regime 
over Mexico Valley. Section 3 a brief description the meteorological radar deployed in Cerro 
Catedral at western of Mexico Valley. In Section 4 a case study for the microwatershed of the 
Mixcoac River is discussed. In Section 5 new design of a weather information system is 
proposed. Concluding remarks are found in Section 6. 

2. Mexico valley precipitation climatology 
The México Valley is located at 2240 m altitude and at a latitude of approximately 19°N and 
is characterized by well-defined rainy season from late May to early October which can be 
classified as a monsoon climate type. 

The orography of region plays an important role on the precipitation patterns (intensity, 
timing, spatial distribution and, extreme events occurrence). On northeastern area, region 
nearly flat, the average precipitation is around 500 mm/year and at southwestern 
mountainous region part of the México Valley, the average reaches almost 1200 mm/year (Fig. 
1). The occurrence of extreme events follows the same patterns as shown by Magaña et al. 
(2003) by establishing a criterion to determine when intense precipitation should be considered 
an extreme event based on a Gamma distribution of the observed amount of daily rainfall, for 
each station of the rain gauge network (Fig. 2). The similarity of spatial variability of severe 
weather and average precipitation becomes apparent. An extreme precipitation event to occur 
in the western or southern part of the basin, rainfall in 24 hours should exceed 25 or 30 mm, 
while in the eastern part of the city, more than 15 mm in 24 hours already constitute an 
extreme event. To a large extent the interaction of the mountains with the summer easterly 
winds determines, the characteristics of precipitation (Barros 1994). 

The summer precipitation diurnal cycle indicates the intense precipitation begins in the 
afternoon (Fig. 3), around 16:00 h local time, generally in the eastern part of the valley, and 
propagate to the western part during the evening, reaching the other extreme of the valley 
by late evening and midnight (Mendez et al., 2006).  

3. The Cerro Catedral radar 
The radar network operated by Mexico's National Water Commission is focalized mainly in 
monitoring of the tropical cyclone activity and consists of thirteen C-band radars 
(manufactured by Ericsson Inc., Enterprise Electronics Corporation and Vaisala). There is 
also a weather radar deployed at Cerro Catedral which cover almost all Mexico Basin 
(located 40 km and altitude 3785 m, approximately 1500 meter above México City), to 
monitor severe weather over this region (Fig. 4). This radar measures reflectivity and has a 
Doppler and dual polarization and, is configured as follows (Table 1): 
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Fig. 1. Summer (May-October) climatology (2003-2008) accumulated (mm) precipitation 
distribution over Mexico Valley. 

 
Fig. 2. Threshold values to determine daily extreme precipitation event. Topography (m) is 
shown in color. 
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Fig. 3. Precipitation intensity, frequency and occurrence time histograms; (a) northern and 
(b) southern Mexico basin; (1993-2001). 
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Antenna diameter (m) 4.2. 
Antenna Gain (dB) 44.7 
Beamwith (“) 0.9 
Polarization Linear hor/vert 
Frequency (GHz) 5.60-5.65 
Wavelenght (cm) 5.30-535 
Peak power (kW) 250 
Pulse lenght (µs ) 0.5 - 2.0 
PRF (Hz) 250, 900, 1200 
MDS (dBm) -114, -110, -109 

Table 1. Cerro Catedral weather radar (Ericsson UBS 103 04, upgraded by Sigmet/Vaisala 
technology) technical characteristics. 

Such elevation has effects over the precipitation estimated at low level on Mexico Valley 
Watershed. In order to get a good coverage of shallow rain, originating close to ground, it is 
necessary to settle the elevation angles to negative value of around –1.5 degree. This has the 
inconvenience of blockage, clutter and loss of signal. The weather radar usually suffers 
partial or total blockade operating in mountain zones due to the complex topography 
around it. This effect can limit the coverage of the radar when it use negative degrees and 
affect the precipitation measurements (Joss & Waldvogel, 1990; Sauvageot, 1994; Collier, 
1996 and Smith, 1998). The application of some blockage corrections to the observations 
radar is worthwhile, in order to get quantitative estimation of the precipitation and it can be 
combined with elimination of spurious echoes by two and three-dimensional analysis of the 
topography and the storm (Krajewski &Vignal, 2001; Steiner & Smith, 2002). A promising 
development in this field is related to the gradual change of weather radar concept, from a 
tool for qualitative rainfall estimation to a tool for more quantitative rainfall measurement 
(Borga et al., 1997). 

Despite the drawback of the radar height site (1500 m above Mexico City) to follow 
stratiform precipitation system, convective systems are adequately monitored. In fact, the 
radar is capable of doing the full scan within convective clouds but no precipitation 
estimates in clouds with a base height of less than 3500 m (Fig. 5).  

Figure 6 shows the monitoring of three storm events within range of radar coverage. In 
addition to tracking the storms, which would support decision makers in a warning system 
in these figures one can see the fixed echoes caused by the presence of volcanoes on the 
eastern side of Mexico City. This represents a serious problem in estimating precipitation, 
both qualitatively and in its distribution and location, as it provides information on areas 
where there is rain. Considering that the fixed echoes, whether caused by the interception of 
the land or effect of the lateral lobes, they can be largely eliminated with the Doppler radar 
function. However, despite all the Mexican radar, including that of Cerro Catedral, have this 
feature is not used to remove these echoes. 

The Doppler radar function is a great help to eliminate this kind of echo and it is important 
for a better estimation of rainfall fields for hydrological or/and alert purposes. The cost of 
sending false warning alerts to users, when these echoes are not removed, is high, because 
once lost confidence in warnings of severe storms is difficult to recover it. 
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Fig. 4. Mixcoac River Basin (pink shaded area), Cathedral radar site and main avenues of 
Mexico City and rain gauges network. 

 
Fig. 5. Relief cross section A-A' of the Mexico Valley basin (see Fig. 4). 
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Fig. 6. Examples of storm radar monitoring over the Valley of Mexico basin and 
identification of fixed echoes caused by the interception of the radar beam with volcanoes 
located eastern Mexico City: a) 15 June; b) 13 July and; c) 19 September 1998. 

4. Case study 
Mendez (2005) and Mendez et al. (2009) using reflectivity radar data for the period of 1995-
1998, selected 13 intense precipitation events to examine the rainfall patterns over México 
City, determined by the Cerro Catedral radar, by looking at spatial characteristics (shape, 
position and magnitude) of precipitation across the valley. The analysis also constitutes a 
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first step towards an improved understanding of storms over urban areas, particularly 
during the summer rainy season.  

Méndez et al. (2011) developed a lumped model of the rainfall-runoff type with input from 
radar and pluviograph (rain gauge network of Mexico City water management system) data 
for calibration, applied to the microwatershed of Mixcoac River located at western Valley of 
Mexico basin, over an area of 31.5 km2 (Fig. 4).  

Currently all Mexican radar precipitation estimatives use the Marshall-Palmer equation 
(Marshall and Palmer, 1948), which presents certain discrepancy for tropical regions (Fig. 7). 
However, the precipitation underestimation could also be associated to beam overshooting, 
attenuation or hardware calibration issues. A local calibration was performed in order to 
improve the rainfall estimation taking into account characteristics of precipitation system 
over Mexico (Mendez et al., 2006). The resulting local calibration improves the estimation of 
rain (Fig. 7). Although false echoes treatment is not yet done, one might think that it can 
improve even more if they are removed. 

 
Fig. 7. Storm rainfall of 27 September 1998. 

It should be mentioned the radar estimates reproduce well the precipitation patterns in time 
but not quantitative ones. This new calibration distribution improves this estimate. 

4.1 Hydrological analysis 

The improvement in the unitary hydrograph of the basin is clear (Fig 8). This is an 
expected result if one notices that the radar initially reproduce the temporal variability of 
rainfall and subsequently, after calibration hydrology, quantitative estimate improves. It 
is obvious that the radar properties would be underused in aggregated hydrological 
models because the ability to detect the precipitation spatial variability usually are not 
take into account in these models and, thus the analysis of the hydrological processes 
within the basin. However, an analysis of the aggregated model applied here is 
performed to detect the advantage of the radar data for hydrological model in an 
experimental urban catchment. 
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Fig. 8. The unit hydrograph estimated from radar data and pluviographs. 

Additionally, in order to obtain a methodology to determine the distributed parameter 
hydrologic model in other watersheds, the experimental basin of the river Mixcoac and the 
technique Distributed Unit Hydrograph (Clark, 1943) is used. The conceptual model 
obtained (Fig. 9) is similar to Maidment model (Maidment, 1993). The model obtains the 
isochrones to Mixcoac River Basin (Fig. 10), which is then used to estimate the outflow 
hydrograph of the basin. The comparison between the observed and estimated with the 
distributed hydrological model fed with precipitation data obtained from the radar is 
showed in the figure 11. 

 
Fig. 9. Conceptual model of the distributed hydrologic model known as the Modified Clark 
(Source: Kull & Feldman, 1998). 
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Fig. 10. Mixcoac watershed Isochronous. 

 
Fig. 11. Hydrological response of Mixcoac river basin, observed (Qo) and estimated (Qe) with 
radar rainfall data. 

The observed and estimated response using radar rainfall data demonstrate a fairly 
agreement and creates the confidence to apply the methodology used in this analysis, in 
other watersheds. It is important to establish how to estimate correctly the radar rainfall 
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data by eliminating false echoes, using Doppler mode techniques to filter those echoes 
caused by the interception beam (principal and/or secondary lobes) with the terrain. This 
will give greater confidence to hydrologists that the data used were carefully treated before 
feeding to their models. 

Aiming to use the radar hydrological information with operational purposes, a short 
hydrological forecast system should include the following components integrated 
components: a) Automatic meteorological stations network (pluviographs); b) Weather 
Radar; c) Satellite products and; d) Mesoscale numerical weather prediction model. The 
main feature of each of these components is to provide real time and hours/days in advance 
(forecast) rainfall data, which is a necessary condition for implementing an operational 
hydrological system. 

5. Weather forecast system 
In most cases, the fire department response facing intense rainfall events over Mexico basin 
is a merely emergency procedure. Its work would be greatly improved and lead to more 
efficient use of human and material resources available by the city government by taking 
advantage of weather information that is, diagnoses and forecasts of weather and climate. 
Unfortunately, the information prepared by the National Weather Service lacks the detail 
and quality required for making decisions as presented in general terms, without data, in 
order to one can acquire confidence in the forecast. This problem is particularly severe when 
it comes to prediction of severe storms considered as a danger to the water system in Mexico 
City. Requirements to take the first steps in the right direction are the improvement of 
surface measurement networks, radar and satellite information, forecasting deadlines to 
produce hydrometeorological information useful in decision making for disaster prevention 
and development of an early warning system that includes not just the danger or threat, but 
also the vulnerability facing to severe weather. 

Any centre that generates meteorological information for decision making is based on the 
following required elements (Fig. 12): 

1. Data Collection 
2. Assimilation and display of information. Very short-term prognosis based on radar and 

satellite estimates of rainfall and rain gauge information. 
3. Weather Forecast Systems 
4. Post-processing of weather forecasting in the short term to prepare products tailored to 

user needs 
5. Scheme for submission of information to the user or decision maker, including an early 

warning system useful for the Water System of Mexico City 
6. Seasonal climate forecasts for water management in the long run 

Although all components are equally important, the main focus to be discussed here is 
the radar network to be implemented in the system. Méndez et al. (2009) presented a 
proposal for a new radar system for Mexico Valley based on precipitation analysis 
estimated by the existing Cerro Catedral radar. They found an underestimation in the 
amount of precipitation over the western mountains of the valley, at the foothills, while 
rainfall rates tend to be overestimated over the eastern parts, resulting of the blockage 
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effect of mountains between the current radar position and the basin. The weather radar 
usually suffers partial or total blockade when it is located in mountainous regions. The 
current location of the Cerro Catedral radar can limit the coverage of the radar when it 
requires negative angles in the vertical measurements to monitor the valley, affecting the 
precipitation estimates (Joss and Waldvogel, 1990; Sauvageot, 1994; Collier, 1996; Smith, 
1998).  
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Fig. 12. Meteorological information flow of Early Warning System. 

In order to achieve a complete three-dimensional coverage of México City a second radar 
deployment in the opposite extreme of the basin is required. Several conditions of 
propagation either from the present radar or from others possible positions (Fig. 13a) 
were attempted to get the greater coverage area (Méndez et al., 2009). The site selected 
was the Cerro de la Estrella located at the central eastern of Mexico Valley (Fig. 13b) had 
shown more adequate. The Cerro de la Estrella is at an approximate elevation of 300 m 
above the City of Mexico and therefore is able to scan both stratiform and convective 
precipitation (Fig. 14). The radar coverage was obtained from a Geographic Information 
System. 
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Cerro del Chiquihuite

Cerro de La Estrella
UNAM

Cerro de la Catedral

  
Fig. 13. a) Proposed sites in Mexico Basin for the new radar deployment. Black line is the 
political boundary of Mexico City: b) View of the Valley of Mexico basin from the Cerro de 
la Estrella. 

  
Fig. 14. Radar scan at 0 deg.: Left, The Cerro de La Estrella (2450 msl) and; right the Cerro 
Catedral site (3785 msl). Red line is the political boundary of Mexico City. 

The Mexico Basin rain gauge network (Méndez et al. 2009) is very dense (Fig. 4) and the new 
Mexico Valley radar system should take advantage of this to implement quantitative 
precipitation estimation schemes as one of main products generated by the early warning 
system. To achieve this, a proper processing of radar data must implemented in order to 
develop methodology to prevent beam blockage due to orography (Bech et al. 2003), ground 
clutter (Fornasiero et al., 2006), which can produce frequent false alarms and affect the 
precipitation estimative. These effects can be mitigated through the application of the 
decision-tree method proposed by Lee et al. (1995) for a dual-polarized system, which able 
to provide additional parameters such as differential reflectivity, correlation coefficient (and 
their texture) that can be used to further reinforce the traditional techniques.  

All products generated by the early warning system (graphic, data image, text, bulletin) will 
be integrated into a display system based in GIS system. This will permit produce better 
quality graphic resolution and generate tailor made products for specific needs to stake 
holders and general public. 
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6. Conclusion 
Hydrological applications of meteorological radars have become an important branch of 
remote sensing in meteorology and disaster preparedness activities. The high temporal and 
spatial resolution precipitation fields generated by meteorological radars meet the 
requirements of the hydrological modeling (Sempere-Torres et al., 2004). Furthermore the 
radar covers large areas and is of rapid access for real time hydrological applications and, 
therefore an adequate blending of radar and rain gauge data results in better estimates of 
real time precipitation (Collier,1996; Joss & Waldvogel, 1990). Méndez et al. (2009) has 
pointed the capacity of the Doppler radars to scan storm gives a big advantage for runoff 
and precipitation prediction and may be fundamental to understand the physics of storm 
intensification in complex orography as México Valley.  

The system of weather/hydrological forecasting and monitoring storms enable user and 
stake holders to have information of more severe events in advance and establish risk 
management policies for their mitigation. The scheme for dissemination of information must 
contemplate to present the results of diagnostic scheme and weather forecasting as clearly as 
possible in order that users and stake holders have relevant elements to incorporate 
objective vulnerability assessments to more closely meet the facing risks. To achieve this the 
continuous results display in a color system associated with critical values of risk, using a 
Geographic Information System, is a powerful tool for prevention and response prevention 
or emergency in accordance with the Mexico City government interests. Further 
improvements in the short term precipitation forecast, or quantitative precipitation forecast 
(QPF), can be achieved by blending Doppler radar products and output of numerical 
weather prediction models (Atencia et al. 2010) 

The results of this study and Méndez et al. (2011) assess the value of using weather radar 
data as input distributed hydrological models. These models are adequate for applications 
in regions of strong slopes and heavy rainfall with complex draining networks for which 
reason it would be very useful in early warning systems. 

Early warning systems, widely used in the world, aim to provide relevant information for 
making decisions within a framework of prevention. This type of action has proved to be 
much more helpful, even under weather forecasts uncertainties, than a system based only an 
emergency response. 
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1. Introduction 
People of warm climate tend to think of snow as something rather rare and exotic. However, 
most weather radars operating at mid-latitudes measure snow every day, at some altitude. 
Even at relatively low elevation angles the edges of a PPI image are often measured above 
the freezing level. Fig. 1 shows radar measurements from a night when surface minimum 
temperature was +13 ºC – still, the majority of radar measurement volume was filled with 
snow. 

In many meteorological classifications hydrometeors are divided in two or three classes  
(rain, wet snow and dry snow, see Fig. 1.). On the other hand, we have been told that there 
are not two identical snowflakes. Between these extremes are the snowflake type 
classifications such as those by Ukichiro Nakaya (Nakaya, 1954). From his work we can 
learn how, based on temperature and humidity, snow crystals can take the shape of needles, 
columns, plates, stars, rosettes and dendrites, only to name a few. They can also join each 
other in a process called aggregation, and they can be covered in icing in a process called 
riming.  

 
Fig. 1. Hydrometeor classification 30 August 2009 00:45 UTC in Vantaa, Finland. RHI to 150 
km in range, 12 km in height (left). PPI to 160 km in range, 0.5 degrees in elevation (middle) 
and 1.5 degrees in elevation (right). Cyan for dry snow, dark blue for melting snow, light 
blue for rain. 
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Fig. 1. Hydrometeor classification 30 August 2009 00:45 UTC in Vantaa, Finland. RHI to 150 
km in range, 12 km in height (left). PPI to 160 km in range, 0.5 degrees in elevation (middle) 
and 1.5 degrees in elevation (right). Cyan for dry snow, dark blue for melting snow, light 
blue for rain. 
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Measuring snowfall with short wavelengths can bring us to the edge of assumption of the 
radar equation for Rayleigh scattering: are the particles much smaller than the radar 
wavelength ?  

In this chapter, snow will be discussed from viewpoint of a radar meteorologist. Many 
topics are relevant for operational weather service, others more for the researcher. 
Increasing use of polarimetric radars is bringing new perspectives to measuring snow with 
radars. 

2. Vertical structure of snowfall   
With the usual measuring geometry of a scanning weather radar we have to take into 
account the vertical structure of precipitation. In warm weather, we measure rain near 
ground, wet snow above it and dry snow on the top, as can be seen in Fig. 1. A typical 
reflectivity structure is related to the temperature structure so that we have a maximum just 
below 0 ºC isotherm. Above it, in the snowfall area, reflectivity decreases with an even 
gradient of approximately 7.5 dBZ/km. This decrease is related to four factors: 

 at higher altitudes, it is colder and snow crystals are typically smaller in diameter 
 at higher altitudes, the absolute humidity is smaller so the mass of snow per cubic 

kilometer of cloud is smaller there 
 crystals fall down while they grow, so older crystals which have had time to grow large 

are more likely to be located at lower altitudes 
 near the cloud top there may be effects of partial beam overshooting 

In the precipitation system of a warm front, the two first factors create also horizontal 
gradients: the leading edge is in colder and drier air. 

When the snowflakes melt, the surface gets wet first while the inner parts are   still of dry 
snow. The partially-melted, wet snowflakes have approximately the size and fallspeed of 
snowflakes, but the dielectric properties of water surfaces. Hence the radar reflectivity peaks 
in the melting layer, a phenomenon also known as the bright band. In the hands of an 
inexperienced user of radar data, this could lead to an overestimation of precipitation 
intensity. In a modern weather radar service, the overestimation is corrected using 
knowledge of the vertical profile of reflectivity (Koistinen et al., 2003). Recently, Giangrande 
et al. (2005) and Boodoo et al. (2010) have shown, that the parameters of dual-polarization 
radars can be used effectively to follow the temporal and spatial variation of the melting 
layer height and thickness. This is especially important in cold and temperate climates, 
where much of precipitation is associated with fronts, because in frontal situations the 
temperature gradients are sharp.  

In Fig. 2 we see RHI and PPI images in a snowstorm in Finland 2 February 2010. Cloud tops 
are observed between 6 and 8 km, and reflectivity is growing downwards from there. No 
bright band is observed, as there is no melting. Temperatures in cloud tops are near -35..-40 
ºC, at ground -5..-7 ºC (based on Tallinn and Jokioinen 00 UTC soundings). The effect of 
vertical gradient is obvious in the RHI image, but the gradient in PPI is related to two 
factors: the vertical gradient and the horizontal variation of intensity.  
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Fig. 2. Radar measurements in a snowstorm in Finland 2 Feb 2010. RHI north of radar to range 
of 150 km, horizontal lines at every 2 km (upper panel) and PPI with elevation of 1.5 degrees, 
rings at each 100 km (lower panel). Reflectivity values are between -15 and +25 dBZ.  

3. Fallspeeds of solid hydrometeors 
Terminal fallspeeds of hydrometeors are influenced by their type and size, and hence 
Doppler spectra measured with vertically pointing radar can be used for hydrometeor 
classification. Barthazy and Schefold (2006) showed that the fall velocity of snowflakes 
consisting of needles or plates is strongly dependent on the riming degree. The average fall 
velocity of any type of snowflakes of diameter of 1 mm or larger is typically between 1 and 2 
m s−1.  In cases when hydrometeor types change, or two types of hydrometeors coexist in 
same measurement volume, Doppler spectra can provide valuable information of cloud 
physical processes such as riming and aggregation. In addition of academical interest they 
may provide value in aviation weather services.  
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Fig. 2. Radar measurements in a snowstorm in Finland 2 Feb 2010. RHI north of radar to range 
of 150 km, horizontal lines at every 2 km (upper panel) and PPI with elevation of 1.5 degrees, 
rings at each 100 km (lower panel). Reflectivity values are between -15 and +25 dBZ.  

3. Fallspeeds of solid hydrometeors 
Terminal fallspeeds of hydrometeors are influenced by their type and size, and hence 
Doppler spectra measured with vertically pointing radar can be used for hydrometeor 
classification. Barthazy and Schefold (2006) showed that the fall velocity of snowflakes 
consisting of needles or plates is strongly dependent on the riming degree. The average fall 
velocity of any type of snowflakes of diameter of 1 mm or larger is typically between 1 and 2 
m s−1.  In cases when hydrometeor types change, or two types of hydrometeors coexist in 
same measurement volume, Doppler spectra can provide valuable information of cloud 
physical processes such as riming and aggregation. In addition of academical interest they 
may provide value in aviation weather services.  
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4. Clutter cancellation and clear air echoes 
One of the main reasons why operational weather services started to use Doppler radars 
was the use of Doppler signal for clutter cancellation of reflectivity fields. The principle is 
simple: precipitation has velocity (at least fallspeed and turbulence), while ground clutter 
does not, and Doppler radar can measure the velocity (or absence thereof).  However, when 
the precipitation is in form of snow, there are some complicating details, and we have to 
study the filtering process in depth. 

A Doppler radar does not measure the true speed of the particles, just the component 
parallel to the radar beam. When the real wind is nearly perpendicular to the beam (e.g. 
for northerly winds in east and west of radar), this component is near zero. We can not set 
the threshold to censor only the bins with exactly zero speed, because even clutter targets 
have apparent speeds due to different viewing angle of the rotating antenna, trees and 
masts waving in wind and trucks and lorries in an urban environment.  On the other 
hand, if the threshold of censorship is too high, Doppler filter removes data with near-
zero Doppler velocities in areas where wind is perpendicular to beam. Because there is 
wind shear and measurement is made at different heights at different distances, the 
direction of missing data is undulating, and hence the gap in reflectivity PPIs is 
sometimes called Doppler snake. 

In Fig. 3, it is relatively easy to see the underestimation of reflectivity on a line coiling 
from west-southwest through the radar and to the opposite side.  In this case, there is also 
a “secondary snake” south of the radar, where the near-zero-velocities are related to 
folding. 

 
Fig. 3. A Doppler snake case 17 March 2005 03:00 UTC. PPIs of reflectivity (left) and Doppler 
velocity (right). Wind is from south-southeast,  warm colours indicate echoes moving away 
from the radar and cold colours towards the radar . The velocity field is folded, 
unambiguous speed 7.6 m/s. A band of weaker reflectivities cutting through the image from 
southwest to east, at same location as zero Doppler speeds (white). Reflectivity colour scale 
as in Fig. 2.    
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It is tempting to try to get rid of the Doppler snake by using a less aggressive Doppler filter. 
However, amount of residual clutter may increase. Finding the compromise between too 
aggressive and too weak filter is threading on a fine line, and the selection should be tested 
in different wind and temperature conditions. Temperature inversions (typical for cloudfree 
winter days or nights) affect amount of clutter by causing anomalous propagation, which 
then leads to the increase of ground or sea clutter. Wind affects sea clutter but may also 
cause blowing snow. Especially the blowing snow falling from trees in hilly areas may give 
false alarms of ground clutter – it is real snow flying in real wind and hence immune to most 
clutter cancellation techniques, even though it is not precipitation falling from clouds. 

Case of sea clutter is especially annoying. In summer we have nocturnal inversions and 
anomalous propagation mainly when it is not raining.  In winter it is very likely to have on 
continent cold weather and inversion, and simultaneously rigorous lake effect snow (see 
section 6.2) over the water areas. This is possible, because the propagation is affected by 
temperature near the radar, not at the measurement location.  Sea clutter is immune to 
Doppler filtering, but dual polarization measurements can reveal it, as is seen in Fig. 4.  

 
Fig. 4. Sea clutter and lake effect snow seen with polarimetric parameter RhoHV.  RhoHV 
over 0.98 in snow, less than 0.8 in sea clutter. The range ring indicates 100 km from the 
radar. 

5. Dual polarization 
While one of the most popular applications of dual-polarisation technology enables one to 
distinguish the types of the hydrometeors measured (Straka et al., 2000), dual polarization 
can be used for much more. On the other hand, some applications developed for rain, such 
as KDP-based algorithms for quantitative precipitation estimates do not work in snow. 
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When implementing published algorithms to new environments, it is wise to compare the 
hardware used in the original development work to the platform where it will be 
implemented. Research community has used S-band radars a lot, while the operational 
weather services in cold climates use mainly C-band. There may be also difference between 
simultaneous and alternating transmission of the dual polarization channels.  

5.1 Hydrometeor classification 

Polarimetric properties of wet snow and single snow crystals are very different from the 
ones in rain. Hence, these two snow categories are easily distinguishable from rain. 
However, discrimination between stratiform rain and dry snowflakes (aggregates) is  
challenging, as relatively low Z and ZDR, and  high RhoHV are typical for both (Ryzhkov & 
Zrnic, 1998). A typical solution in this case is to use the information of height of melting 
layer, either from sounding, NWP model or radar measurements. 

Decision boundaries for dense snow, dry snow, wet snow, rain, dry graupel, wet graupel 
rain and hail co-existing and hail alone using Z, ZDR, RhoHV, LDR and KDP have been 
published by e.g. Straka and Zrnic (1993).  In many of the parameters, the selected classes 
overlap, which has encouraged researchers to try fuzzy logic (Bringi & Chandrasekar, 2001). 
In Fig. 5 we see RHI scans in the same situation as in Fig. 1. The 0 ºC isotherm is at 2 km, and 
a layer of melting snow can be seen below it.  

 
Fig. 5. RHI scans north of Vantaa radar 30 August 2009 00:45 UTC. . Range 100 km, height 10 
km, parameters from left to right: Hydrometeor classification, reflectivity Z, differential 
reflectivity ZDR and copolar correlation factor RhoHV. 

5.2 Snow types 

In the JPOLE classifier for cold season Ryzhkov et al. (2005) distinguished between Dry 
aggregated snow: DS and Wet snow: WS, and single crystals. In some cases, this 
distinction can be made using reflectivity and differential reflectivity alone: wet snow has 
typically larger reflectivities, and individual crystals larger differential reflectivities. 
However, the variability of both parameters for both classes is large, and the definitions 
tend to overlap.  
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Developing a universal method for snow type classification is even more challenging than 
finding a representative ZR relation: reliable surface observations of snowflake type are rare, 
and if they are performed at longer distances from the radar, the snowflakes can change 
between the radar measurement and the surface observation.  Correction for vertical profile 
of reflectivity is a standard procedure, but correction for vertical profile of snow type is still 
strongly hypothetical.  

6. Characteristic properties of typical snowfall situations 
In general, precipitation events can be split to orographic, frontal and convective 
precipitation. Especially snowfall is often related to warm fronts and lake effect induced 
convection. 

6.1 Warm fronts  

Much of snowfall is related to frontal systems of extratropical systems. In their analysis and 
forecasting, the value of weather radar data lies primarily in the mesoscale structure: detection 
of the mesoscale bands of heavy snowfall is needed for accurate short term forecasting. The 
banded structure leads to rapid changes in visibility, and areal differences of accumulated 
snowfall. Their dynamical structure is complicated, related to negative equivalent potential 
vorticity (EPV) mainly associated with conditional symmetric instability (CSI), and not always 
perfectly forecasted by numerical weather prediction models. Hence, identification and 
extrapolation of movement of these bands using a radar can improve short-range forecasts of 
extreme events significantly (Nicosia and Grumm, 1999). 

Snowfall from warm fronts is also a challenge for a radar meteorologist: forgetting the three-
dimensional structure of the frontal system can lead to embarrassing misinterpretation.  

In satellite images, we can see the leading edge of frontal system (“warm front shield”) and 
educated meteorologists already know, that arrival of this edge does not mean onset of 
precipitation. In Fig. 6 the shield at 2 km extends 70 km ahead the surface precipitation.  I 
sincerely hope that everyone using different radar products remembers this, too: the leading 
edge in products like TOPS, MAX, VIL or even medium-level CAPPI does not indicate the 
precipitation on ground level. See Fig. 7. 

The sloping edge of precipitation area can also be seen in PPIs. In upper panels of Fig. 8, the 
gap in the centre of the image indicates area where radar beam was below the warm front 
shield. The gap gets smaller when the surface front approaches the radar. Also, the gap is 
not a circle but an oval, also indicating the slope of the cloud base. 

Warm fronts are ideal for producing Doppler wind profiles (VAD and VVP), because the 
wind field is usually uniform. In lower right panel of Fig. 8 we have a time series of VVP 
wind and reflectivity.  In this case, the wind shear related to the warm advection is not very 
strong, and it is hard to distinguish it from wind shear related to friction in the boundary 
layer. Sharper turning of wind is of interest to aviation weather service. We can also see the 
shield of overhanging precipitation with approaching front (05-06 UTC) from “+”-signs 
indicating missing wind barbs. Warm advection can also be seen indirectly: part of the 
increase of reflectivity at low altitudes around 08 UTC is probably related to temperatures 
rising to near zero, and snowflakes growing larger. 
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Fig. 6. RHI north of Anjalankoski radar 17 December 2011 12 UTC, warm front approaching 
from south. Vertical lines at 20 km, horizontal lines at 2 km intervals. Colour scale from -10 
dBZ (blue) to 20 dBZ (red) as in Fig. 2.  

 
Fig. 7. CAPPI at 500 m height on left, TOPS with threshold -10 dBZ on right.  14 January 
2008 05:30 UTC, precipitation on the surface had not yet reached the radar location. Range 
rings at 50 and 100 km from radar, reflectivity scale as in Fig. 2., green shades for tops in 
steps of 2 km. 
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Fig. 8. PPI images of Doppler velocity 30 minutes apart (5:00, 5:30 and 6:00) and time series 
of wind and reflectivity profiles 02:00 to 07.00 UTC 14 January 2008. Green colours towards 
radar, reds and yellows away. Reflectivity from -20 dBZ (blue) to +20 dBZ(purple) 

In Fig. 9 we see another scale of shear. There is a small wind maximum below 1 km. In this 
case it lasted for less than 45 minutes. This is an indicator of low level jet related to conveyor 
belt in the frontal structure. In the real atmosphere, the wind shear related to that is 
probably larger, as the VVP is averaged over a cylinder of 30 km.  
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Fig. 9. VVP sounding. Windspeed on left, wind direction in middle and reflectivity on right.  

6.2 Lake effect snow  

Lake effect snow is a phenomenon observed regularly around open water surfaces in cold 
weather.  The name originated from weather phenomena around the Great Lakes of North 
America, but it is also observed around bays and straits of sea and great rivers. Lake-effect 
snowstorms get their energy from the temperature difference between the relatively warm 
open water and very cold, continental air blowing over the water. These provide the most 
spectacular outbreaks of boundary layer convection in winter (Markowski & Richardson, 
2010). 

Markowski and Richardson (2010) mention that the convective clouds associated with lake-
effect precipitation can be several kilometres deep. However, even shallower lake-effect 
clouds can produce significant amounts of snowfall (see Fig. 10), and these shallow yet 
intense clouds present challenges to the design of a radar network in coastal areas in a cold 
climate.  
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The organization of convection in a lake-effect snowstorm depends on the ratio of the wind 
speed to the maximum fetch distance. When the wind is strong, offshore convection is 
rapidly organized into horizontal convective rolls. When the wind is weaker, it is more 
likely that bands parallel to the shoreline (and perpendicular to the mean wind) are formed 
in the land-breeze convergence zone. With very weak winds, convection can be organized 
into vortices that stay over the sea and have the structure of a miniature hurricane (Laird et 
al., 2003). These vortices provide another example of mesoscale weather systems which can 
only be observed with remote sensing instruments.  

 
 
 
 
 

 
 

 
 
 
 

Fig. 10. Lake effect snow 26.11. 2010 10 UTC. Pseudo-CAPPI reflectivity composite of 5 
Finnish and 2 Swedish radars at nominal height of 500 m.  
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For radar-based nowcasting applications, lake effect snow is a challenge firstly, because the 
snow storms do not move, thus motion vectors can be misleading, and secondly because 
their shallow and intense nature can cause beam overshooting problems.. 

7. Operational applications 
Snowflakes are beautiful and interesting, but most people who buy radars want also to do 
something useful with the data. The most frequently asked questions are when, where and 
how much. These have been solved with more and less advanced accuracies over the years. 
Advanced questions to be still researched are related to properties of snow, most of all its 
density.  

7.1 Accumulated snowfall, Z/S  

When we talk of precipitation, we often think about rainfall, and ignore snow. There are 
two main approaches to accumulated snow: 1) snow water equivalent (SWE): how large 
is the mass of snow per unit area and 2) the (increase of) thickness of snow layer (TSL). 
SWE is important for hydrological applications, and it is also usually the parameters 
measured at surface station rain gauges (in manual gauges, the snow is melted and 
volume of resulting water is measured). SWE has also applications in estimates of 
snowload of buildings and tree crowns. Thickness of snow layer has applications in road 
maintenance, biology and recreational activities, and it is a tricky thing to estimate for 
everyone, not just radar meteorologists. A bulk equation TSL=10*SWE (both TSL and 
SWE expressed in mm), is often used, even though we all know that the density of snow 
on ground varies a lot. Matters are further complicated if we try to accumulate TSL over 
a longer period, because snow on ground is changing shape, density and even location 
(by blowing snow).  

The radar equation (see Zrnic, this volume, for details) includes the parameter|K|, 
dielectricity of scattering particles, which has different values for ice and water. In 
operational signal processing, this is assumed to be always the water-value, so we should 
call the measured parameter Ze (where the “e” stands for “equivalent”). The error caused by 
assuming the same dielectricity is compensated in using a different ZS relation for snow, 
and including the effect of dielectiricity there.  

The density of snow crystals and aggregates varies as a function of structure  from 50 to 900 
kg m3, with higher values expected for solid ice structures and wetted particles. The size 
distributions of ice crystals and snow aggregates can be represented by exponential and 
gamma functions, and the total number of concentrations is on the order of 1–104 m-3 for 
aggregates, 10–109 m3 for individual crystals at colder temperatures (T < -20 ºC), and often 
as high as 104 m-3 at warmer temperatures (Pruppacher & Klett, 1996). The diameter of large 
crystals can be up to 1–5 mm, while the diameter of aggregates can grow to 20–50 mm, 
occasionally even more. The shapes of aggregates vary from approximately spherical to 
extremely oblate, and the approximate shapes of crystals can vary from extreme prolates 
and oblates to essentially spheres (Pruppacher & Klett, 1996). Most individual crystals tend 
to fall with their largest dimension horizontally oriented unless there are pronounced 
electric fields. Aggregates also can fall in a horizontally oriented manner or may tumble 
(Straka, 2005). 
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Radar estimates of ice water content of crystals and aggregates are greatly complicated by 
the multitude of crystal sizes and shapes, various crystal and aggregate densities, and 
dielectric constants, among others. Of all the snow types, the determination of the amount of 
wet aggregates is probably the most difficult (Straka, 2005).  

For liquid precipitation, the classical ZR relation was published by Marshall and Palmer 
1948. For snow, similar classical paper is probably that of Sekhon and Srivastava (1970). 
However, when dropsize distributions are known to vary a lot, snow particle distributions 
vary even more. Applying correction for vertical profile of reflectivity before the ZR relation 
is crucial, but does not eliminate all uncertainties. 

7.2 Nowcasting snow   

The simplest application of radar images for nowcasting is to display a time series as an 
animation, and visually follow its speed and direction of movement. Second level of 
complication is to estimate the future movement with some vector field, which can be 
derived from observed movement, NWP, or even Doppler velocity field (note this is not 
recommended but some people do it).  Compared to summertime convective precipitation, 
snow has some advantages and some disadvantages in this respect. Because snow is seldom 
related to convection, it has less diurnal variation, and hence frontal snowstorms can 
sometimes be tracked and extrapolated for several hours with fairly good accuracy. On the 
other hand, snowstorms tend to be shallow, and hence the geometrical factors can cause 
error in speed estimates, and even causes of total miss (snowstorms hiding under the lowest 
radar measurement). 

Because snowflakes fall slowly, they can advect remarkable distances after the radar 
measurement. If we measure at height of 800 m, and the snowflakes fall 1 m/s, they reach 
the ground 800 seconds later, and if wind blows 10 m/s, the location can be 8 km downwind 
from the radar measurement. From height of 1800 m, the flakes fall for half an hour, and 
from height of 4 km more than an hour, and for a distance in order of 40 to 60 km. This 
affects all studies comparing radar measurements to “ground truth”, and it can be annoying 
for nowcasting, too. On the other hand, for an optimist it is a source of information: 
basically, we have already measured the snowflakes which will fall e.g. to the runway half 
an hour later. Lauri et al. (2012) have discussed the effect of advection in snowfall 
measurement. 

7.3 Visibility in snow   

Aviation meteorology uses abbreviation LVP (low visibility procedure) and we often read 
this as “fog and stratus”). However, even snowfall reduces visibility in significant amounts. 
Unlike in fog, the visibility in snowfall often fluctuates rapidly and significantly, and hence 
use of radar data to aid nowcasting would be beneficial. 

Visibility is related to scattering of visible light, radar reflectivity is related to scattering of 
microwaves. In case of particles in typical sizes of snowflakes and snow crystals, these two 
behave differently: if the amount of snow in air stays same, but crystals join to larger 
aggregates, radar reflectivity grows (following the ND6 equation) while the optical visibility 
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is the mass of snow per unit area and 2) the (increase of) thickness of snow layer (TSL). 
SWE is important for hydrological applications, and it is also usually the parameters 
measured at surface station rain gauges (in manual gauges, the snow is melted and 
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The radar equation (see Zrnic, this volume, for details) includes the parameter|K|, 
dielectricity of scattering particles, which has different values for ice and water. In 
operational signal processing, this is assumed to be always the water-value, so we should 
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crystals can be up to 1–5 mm, while the diameter of aggregates can grow to 20–50 mm, 
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to fall with their largest dimension horizontally oriented unless there are pronounced 
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(Straka, 2005). 

 
Measuring Snow with Weather Radar 

 

171 

Radar estimates of ice water content of crystals and aggregates are greatly complicated by 
the multitude of crystal sizes and shapes, various crystal and aggregate densities, and 
dielectric constants, among others. Of all the snow types, the determination of the amount of 
wet aggregates is probably the most difficult (Straka, 2005).  
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1948. For snow, similar classical paper is probably that of Sekhon and Srivastava (1970). 
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vary even more. Applying correction for vertical profile of reflectivity before the ZR relation 
is crucial, but does not eliminate all uncertainties. 
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radar measurement). 
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from height of 4 km more than an hour, and for a distance in order of 40 to 60 km. This 
affects all studies comparing radar measurements to “ground truth”, and it can be annoying 
for nowcasting, too. On the other hand, for an optimist it is a source of information: 
basically, we have already measured the snowflakes which will fall e.g. to the runway half 
an hour later. Lauri et al. (2012) have discussed the effect of advection in snowfall 
measurement. 

7.3 Visibility in snow   

Aviation meteorology uses abbreviation LVP (low visibility procedure) and we often read 
this as “fog and stratus”). However, even snowfall reduces visibility in significant amounts. 
Unlike in fog, the visibility in snowfall often fluctuates rapidly and significantly, and hence 
use of radar data to aid nowcasting would be beneficial. 

Visibility is related to scattering of visible light, radar reflectivity is related to scattering of 
microwaves. In case of particles in typical sizes of snowflakes and snow crystals, these two 
behave differently: if the amount of snow in air stays same, but crystals join to larger 
aggregates, radar reflectivity grows (following the ND6 equation) while the optical visibility 
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improves (scattering gets smaller). Hence, any reflectivity-to-visibility –equations depend 
heavily on particle size distribution. 

Rasmussen and Cole (2002) have given to visibility the equation Vis = k / ND2, where k 
is a constant related to snow type. Having the two equations available, it would be 
tempting to “just solve the k” and get a reflectivity – visibility equation. However, the 
“constant” k can get plethora of values depending on the crystal type, the degree of 
riming, the degree of aggregation, and the degree of wetness of the crystals. Rasmussen 
et al (1999) derived ratios of visibility and liquid equivalent snowfall rate for 27 crystal 
types and two aggregate types. In their study, typical variations in visibility for a given 
liquid equivalent snowfall rate ranged from a factor of 3 to a factor of 10, depending on 
the storm.  

After this, the next attempt would be try to “calibrate” the factor k for each storm.  
However, Rasmussen et al. (1999) also noted that k has a wide degree of scatter also 
during a given storm. As we know from other studies, the type of snow crystals 
depends on temperature and humidity it has experienced during its growth time.  
Snowstorms are often related to weather situations (such as warm fronts) with strong 
gradients of temperature and humidity. Hence, changes of crystal type during a storm 
are natural.  

Another factor making comparison of reflectivity and visibility is the illumination. In same 
snowfall intensity, visibility in night (how far can you see a light source) can be twice as 
good as in daylight.  

8. Conclusion   
The four main properties a radar meteorologist should remember about snow are:  

 It falls from shallow clouds, so you can’t see it from far.  
 It falls slowly, so it may advect after we measure it.  
 It has different scattering properties from rain, so your precipitation estimates may be 

inaccurate if ZR relations are applied for snowfall  
 Snowflakes come in many sizes and shapes, and their scattering properties may vary, so 

more information may be acquired using dual polarization. 
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1. Introduction 
1.1 Excellent qualitative overview of the weather in space and time 

Radar is a unique tool to get an overview on the weather situation,  given its high spatio-
temporal resolution. Over 60 years, researchers have been investigating ways for obtaining 
the best use of radar. As a result we often find assurances on how much radar is a useful 
tool, and it is! After this initial statement, however, regularly comes a long list on how to 
increase the accuracy of radar or in what direction to move for improving it. Perhaps we 
should rather ask: is the resulting data good enough for our application? The answers are 
often more complicated than desired. At first, some people expect miracles. Then, when 
their wishes are disappointed, they discard radar as a tool: both attitudes are wrong; radar is 
a unique tool to obtain an excellent overview on what is happening: when and where it is 
happening. At short ranges, we may even get good quantitative data. But at longer ranges it 
may be impossible to obtain the desired precision, e.g. the precision needed to alert people 
living in small catchments in mountainous terrain. We would have to set the critical limit for 
an alert so low that this limit would lead to an unacceptable rate of false alarms.  

1.2 Range dependence of the results (range degradation) 

Perhaps accurate quantitative precipitation estimation (QPE) can only be achieved at short 
ranges from the radar. This is not because we miss careful investigations, but simply, 
because radar can only see the hydrometeors aloft, while we would need to know what is 
arriving at ground level. Obstacles as well as earth curvature lead to a limited horizon, 
allowing us to see precipitation at variable height, often too far from the ground. All these 
difficulties increase rapidly with range from the radar location. The situation becomes 
obviously much more difficult in mountainous terrain, where weather echoes can only be 
detected at high altitudes because of beam shielding by relieves: there, terrain blockage 
combined with the shallow depth of precipitation during cold seasons and low melting 
levels causes inadequate radar coverage to support QPE, especially in narrow valleys. 



Doppler Radar Observations –  
Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications 

 

174 

Straka J., & Zrnic, D.S. (1993). An algorithm to deduce hydrometeor types and contents from 
multiparameter radar data. Preprints, 26th Conf. on Radar Meteorology, Norman, OK, 
Amer. Meteor. Soc., 513–516. 

7 

A Network of Portable, Low-Cost,  
X-Band Radars 

Marco Gabella1,2, Riccardo Notarpietro2, Silvano Bertoldo3, Andrea Prato2, 
Claudio Lucianaz3, Oscar Rorato3, Marco Allegretti3 and Giovanni Perona3 

1Meteoswiss 
2Politecnico di Torino – Electronics Department, 

3Consorzio Interuniversitario per la Fisica delle Atmosfere (CINFAI) – Sede di Torino 
1Switzerland 

2,3Italy 

1. Introduction 
1.1 Excellent qualitative overview of the weather in space and time 

Radar is a unique tool to get an overview on the weather situation,  given its high spatio-
temporal resolution. Over 60 years, researchers have been investigating ways for obtaining 
the best use of radar. As a result we often find assurances on how much radar is a useful 
tool, and it is! After this initial statement, however, regularly comes a long list on how to 
increase the accuracy of radar or in what direction to move for improving it. Perhaps we 
should rather ask: is the resulting data good enough for our application? The answers are 
often more complicated than desired. At first, some people expect miracles. Then, when 
their wishes are disappointed, they discard radar as a tool: both attitudes are wrong; radar is 
a unique tool to obtain an excellent overview on what is happening: when and where it is 
happening. At short ranges, we may even get good quantitative data. But at longer ranges it 
may be impossible to obtain the desired precision, e.g. the precision needed to alert people 
living in small catchments in mountainous terrain. We would have to set the critical limit for 
an alert so low that this limit would lead to an unacceptable rate of false alarms.  

1.2 Range dependence of the results (range degradation) 

Perhaps accurate quantitative precipitation estimation (QPE) can only be achieved at short 
ranges from the radar. This is not because we miss careful investigations, but simply, 
because radar can only see the hydrometeors aloft, while we would need to know what is 
arriving at ground level. Obstacles as well as earth curvature lead to a limited horizon, 
allowing us to see precipitation at variable height, often too far from the ground. All these 
difficulties increase rapidly with range from the radar location. The situation becomes 
obviously much more difficult in mountainous terrain, where weather echoes can only be 
detected at high altitudes because of beam shielding by relieves: there, terrain blockage 
combined with the shallow depth of precipitation during cold seasons and low melting 
levels causes inadequate radar coverage to support QPE, especially in narrow valleys. 



Doppler Radar Observations –  
Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications 

 

176 

Furthermore, precipitation is too variable for the “coarse” resolution of long-range ground-
based radars (GR). The variability of natural precipitation is so large that the radar beam often 
does not resolve it. As a result we find aloft different types of particles and non-homogeneous 
reflectivity in the pulse volume, to be compared with rain rate at the ground level. The under-
sampling problem becomes increasingly severe with increasing ranges because the radar 
backscattering volume increases with the square of the range; therefore, at longer ranges, small 
but intense features of the precipitation system are blurred (non-homogeneous beam filling). 
Furthermore, it is more likely to include different types of hydrometeors (e.g., snow, ice, and 
rain drops), especially in the vertical dimension. We know that, on average, the radar 
backscattered echo from liquid, mixed phase, and frozen hydrometeors decreases with height. 
Using several TRMM overpasses, the comparison between the TRMM radar and linearly 
averaged GR radar reflectivity, carried out in circular rings around the GR site, has clearly 
confirmed a significant range dependence of the TRMM/GR ratio (Gabella et al. [2006], Gabella 
et al. [2011a], Gabella et al.. [2011b]). This well-known problem is caused mainly by the 
increasing sampling volume of the long-range GR with range, combined with non-
homogeneous beam filling: e.g., at longer ranges of GR, the lower part of the volume could be 
in rain, whereas the upper part of the same pulse can be filled with snow, ice, and mixed phase 
particles. Quite often it can be even characterized by an echo weaker than the radar sensitivity 
itself (apparently, no backscattered echo). This phenomenon (called “beam overshooting” by 
radar meteorologists) is also caused by the decrease of vertical resolution with range, thus 
amplifying the influence of the horizon and Earth’s curvature. Because of beam overshooting, 
strong range degradation has been noticed in several parts of the world when analyzing 
weather radar data over a long time period. The reader can refer, for instance, to the 2-year 
analysis by Young et al. [1999] in the United States or by Gabella et al. [2005] in the Swiss Alps. 

In mountainous terrain, precipitation is even more variable both in space and time because 
of orographic effects and interactions of mountains with wind fields. This variability within 
the scattering volume is in contradiction with the homogeneously filled pulse volume 
assumption usually made when considering the meteorological radar equation. Fulfilling 
the assumption of homogeneous beam filling, however, is a prerequisite for a precise 
estimate of reflectivity, attenuation and phase shift along the beam. 

1.3 Type and width of the distribution of precipitation  

Another fundamental problem is the asymmetry and the large variability of precipitation 
rates in time and space. In other words, distributions are wide and skewed-to-the-high-end 
at the same time. This statement concerns particle type, particle size, number density of 
particles as well as derived integral parameters such as reflectivity, rain- and snow-rate. As 
a consequence of the distributions in time and space, we find that a small area (say 1/10 of 
the “rainy” area, which in turn can be 1/20 of the surveillance area …) during a “short” time 
(i.e. smaller than the rainy/cloudy period) contributes a large fraction of the total 
precipitation amount. As a direct consequence of this (small “time/space” of significant and 
heavy rain rate), the chance of detecting weak rain rate is much larger than high rain rate. 
Without careful thinking and without having analyzed large data sets, we may be tempted 
to extrapolate the rules of weak rain into strong one. This extrapolation will involve large 
errors, because mechanisms producing rain vary with its intensity. In other words, different 
mechanisms produce weak and large rain rates. 
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1.4 Difficulties with conventional long-range radar: Inability to observe the lower part 
of the troposphere combined with non-homogeneous beam filling 

We may wonder: why is it so difficult to grasp a realistic precision out of “long-range” (say 
two hundred kilometers) weather radar? Perhaps, the main reason can be found in the 
difficulty of reproducing the results verified with large effort at close ranges. We cannot 
extrapolate them to the full range displayed by our operational, meteorological radars. At 
short ranges problems caused by shielding, inhomogeneous beam filling, attenuation and 
vertical profile may be dealt with. This is not possible at longer ranges. This statement does 
not exclude the use for weather forecasting in full range of our radars. The radar tells us 
where and when something is coming; radar data are helpful to validate the forecasts of the 
Numerical Weather Prediction models. Here, combining the information of many radars 
into a network may help a lot. The combination of data from many radars may also mitigate 
the effects caused by the range-dependence of each single radar. 

Long-range radar networks remain an essential part of the weather forecasting and warning 
infrastructures used by many nations worldwide. Despite significant capability and 
continuous improvement, one fundamental limitation of today’s weather radar networks is 
the inability to observe the lower part of the atmosphere and detect fine-scale weather 
features. Designed for long-range coverage through precipitation, these radars must operate 
at radar wavelengths not subject to attenuation. This implies the use of large antennas (to 
achieve narrow beam width) and high-power transmitters (to meet sensitivity requirements 
at long ranges); up to now, such large antennas are mechanically scanned, hence requiring 
dedicated land, towers and other support infrastructures. Consequently, the installation and 
acquisition cost of each site is usually much larger than the cost of the sensor itself. 

1.5 Proposed solution: Distributed networks of many, inexpensive, redundant, low-
cost, high temporal resolution, short-range, small radars 

How to tackle the emerging need for improved low-altitude coverage, high temporal-
resolution meteorological radars? Many low-cost, fast-scanning, short-range X-band radars 
for rain monitoring can be a valid solution for complementing long-range radars. Long 
range radars have proved to be useful for weather forecasting and qualitative surveillance. 
As already discussed in Sec. 1.2, the results, verified with large effort at close ranges, cannot 
be generalized. Because of range degradation (non uniform beam filling and overshooting, 
see Sec. 1.2), it seems impossible to reproduce the results easily obtained close to the radar 
for quantitative applications at far ranges. This is especially true in mountainous terrain. 
Therefore, an interesting solution could be to combine the data of many, small, low-cost and 
short-range X-band radar for rain estimates within valleys. 

2. The potential for distributed networks of small low-cost weather radars 
2.1 The work of the remote sensing group at the Politecnico di Torino 

The European INTERREG IIIB Alpine Space Programme started in 2004 the FORALPS 
Project (“Meteo-hydrological Forecast and Observations for improved water Resource 
management in the ALPS”). One of the aims of FORALPS was the design and development 
of a portable, low-cost, small radar for weather monitoring. The Remote Sensing Group at 
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Furthermore, precipitation is too variable for the “coarse” resolution of long-range ground-
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1.4 Difficulties with conventional long-range radar: Inability to observe the lower part 
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see Sec. 1.2), it seems impossible to reproduce the results easily obtained close to the radar 
for quantitative applications at far ranges. This is especially true in mountainous terrain. 
Therefore, an interesting solution could be to combine the data of many, small, low-cost and 
short-range X-band radar for rain estimates within valleys. 
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the Politecnico di Torino was involved in the development activities of this new network 
starting from its early ideation stages (Notarpietro  et al. [2005]).  

The first designed scenario was specifically intended to cover narrow valleys within the Alps. 
This was initially achieved by adopting a non-conventional vertical plane scanning strategy 
with a fan beam slot waveguide antenna (1° beam width in the vertical plane, 25° beam width 
along the valley). The initial implementation was simply designed to collect two low elevation 
acquisitions with opposite directions along the valley plus a vertical sounding to evaluate the 
vertical reflectivity profile (Gabella et al. [2008]). Then, this initial approach was extended to 
collect radar sounding coming from the entire vertical plane. This kind of small low-cost radar 
has been patented and is now sold with the name “wind-mill” mini-radar. 

In a second stage, the more conventional horizontal scanning strategy was implemented to 
cover wide planar areas with very high temporal resolution at a fixed, optimized elevation. This 
suggested combining a number of short-range, low-cost radars into a network concept, to 
obtain a set of similar small unattended units, tightly connected within a unified environment. 
The result of the above approaches and suggestions is an unmaned, low-consumption, network 
of low-cost, small, X-band radars. Adding up, the first prototypes, running since October 2006, 
were installed on the Politecnico di Torino roof, sensing either the horizontal or the vertical 
planes. During these years several progresses and modifications were made, leading to a 
network of mini radars: one operated by the Aosta Valley Civil Protection (since March 2007) 
and a vertical scanner unit (wind-mill) installed next to the glide path of the “Sandro Pertini” 
Turin International Airport. Recently (autumn 2010), four horizontal scanners units were 
installed in different areas of Sicily (see the web site http://meteoradar.polito.it/). At present, 
seven small radars have been installed on the Italian territory and are successfully running. In 
our approach, such network is capable of mapping storms with temporal resolution better than 
1 min and focusing on the low-troposphere “gap” region. Such network has the potential to 
complement the long-range radar networks in use today. In Chapters 3 and 4 the deployment of 
small, low-cost, X-band radars will be presented for the following environments: 

 heavily populated areas (e.g. Palermo town and harbor, see Sec. 3.2 and 4.2; Turin town, 
see Sec. 4.4); 

 specific dry and semi-arid regions where it is crucial to improve observation of low-
level meteorological phenomena (e.g.  western Sicily, Sec 4.3) 

 deep valleys surrounded by high mountais region (e.g. Valle d’Aosta, see Sec. 3.1). 

2.2 X-band, “short” wavelength technology for short-range monitoring 

Cost, radiation safety issues and aesthetic issues motivate the use of small antennas and low-
power transmitters that could be installed on either low-cost towers or existing infrastructures 
such as rooftops of existing buildings or telecommunication poles. This requires that the radars 
are physically small and that the radiated power levels are low enough so as not to pose an 
actual or perceived radiation safety hazard. We have opted for a very small parabolic antenna 
(D = 0.6 m) which corresponds to a 3 dB cross-range spatial resolution of 1 km at 20 km range 
(two third of the used range, which is 30 km). The antenna is hidden below a 1 m diameter 
radome (Fig. 1, left picture) and rotates at ~120° per second using a single elevation.  

One precipitation map is made available every minute by averaging 16 rotations (out of the 
22 available)  9 consecutive rays and 2 range-bins, hence  resulting in a total of 144 samples.  
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Table 1 summarizes main characteristics of our low-cost weather radars for both configurations 
described in Sec. 2.1 and 2.2: the innovative “wind-mill” (tailored to narrow valleys in 
mountainous terrain) and the more conventional horizontal scanner (also called “super-
gauge”). More details on the temporal sampling scheme and averaging process are given in the 
next Section 2.3. 
 

Frequency X-Band (9.4 GHz) 
Range up to 30 km 
Power 10 kW 
Pulse duration for long (short) pulse 400 (80) ns 
Pulse Repetition Frequency 800 (3200) Hz; for long (short) pulse, respectively 
1] Super-Gauge Single elevation, 3.6° beam width, horizontal plane 
2] Wind-mill  1.2° along valley, 25° across valley, vertical plane 
Antenna (depending on scanning) 1] 0.6 m paraboloid; 2] slotted waveguide 
Cost of a mini radar  < 30 kEuro (within a network of, say, 6 radars) 

Table 1. Main characteristics of the low-cost weather radar.  

2.3 High temporal resolution 

The use of precipitation estimates from weather radar has been limited not only by the 
quantitative accuracy but also by the spatio-temporal resolution: firstly, there is a significant 
number of sources of uncertainty in the process of converting the reflectivity volume data 
measured by a radar to an estimate of falling precipitation close to the ground. The factors that 
contribute to this uncertainty have been introduced and summarized in Section 1. Secondly, the 
spatio-temporal resolution of radar-based QPE products from weather radar networks was 
generally insufficient, especially for small-scale hydrological applications. Hence, one important 
advantage of our mini-radar with small antenna approach is also the high temporal resolution.  

  
Fig. 1. The portable, low-cost weather radar with (left picture) and without (right picture) 
the 1-meter Diameter radome. The configuration shown here is the so-called “super-gauge”, 
which is a single-elevation scanning in the horizontal plane with a 3.6° beam width 
parabolic reflector (Diameter of the paraboloid is 0.6 m). 
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the Politecnico di Torino was involved in the development activities of this new network 
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The first designed scenario was specifically intended to cover narrow valleys within the Alps. 
This was initially achieved by adopting a non-conventional vertical plane scanning strategy 
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along the valley). The initial implementation was simply designed to collect two low elevation 
acquisitions with opposite directions along the valley plus a vertical sounding to evaluate the 
vertical reflectivity profile (Gabella et al. [2008]). Then, this initial approach was extended to 
collect radar sounding coming from the entire vertical plane. This kind of small low-cost radar 
has been patented and is now sold with the name “wind-mill” mini-radar. 

In a second stage, the more conventional horizontal scanning strategy was implemented to 
cover wide planar areas with very high temporal resolution at a fixed, optimized elevation. This 
suggested combining a number of short-range, low-cost radars into a network concept, to 
obtain a set of similar small unattended units, tightly connected within a unified environment. 
The result of the above approaches and suggestions is an unmaned, low-consumption, network 
of low-cost, small, X-band radars. Adding up, the first prototypes, running since October 2006, 
were installed on the Politecnico di Torino roof, sensing either the horizontal or the vertical 
planes. During these years several progresses and modifications were made, leading to a 
network of mini radars: one operated by the Aosta Valley Civil Protection (since March 2007) 
and a vertical scanner unit (wind-mill) installed next to the glide path of the “Sandro Pertini” 
Turin International Airport. Recently (autumn 2010), four horizontal scanners units were 
installed in different areas of Sicily (see the web site http://meteoradar.polito.it/). At present, 
seven small radars have been installed on the Italian territory and are successfully running. In 
our approach, such network is capable of mapping storms with temporal resolution better than 
1 min and focusing on the low-troposphere “gap” region. Such network has the potential to 
complement the long-range radar networks in use today. In Chapters 3 and 4 the deployment of 
small, low-cost, X-band radars will be presented for the following environments: 

 heavily populated areas (e.g. Palermo town and harbor, see Sec. 3.2 and 4.2; Turin town, 
see Sec. 4.4); 

 specific dry and semi-arid regions where it is crucial to improve observation of low-
level meteorological phenomena (e.g.  western Sicily, Sec 4.3) 

 deep valleys surrounded by high mountais region (e.g. Valle d’Aosta, see Sec. 3.1). 

2.2 X-band, “short” wavelength technology for short-range monitoring 

Cost, radiation safety issues and aesthetic issues motivate the use of small antennas and low-
power transmitters that could be installed on either low-cost towers or existing infrastructures 
such as rooftops of existing buildings or telecommunication poles. This requires that the radars 
are physically small and that the radiated power levels are low enough so as not to pose an 
actual or perceived radiation safety hazard. We have opted for a very small parabolic antenna 
(D = 0.6 m) which corresponds to a 3 dB cross-range spatial resolution of 1 km at 20 km range 
(two third of the used range, which is 30 km). The antenna is hidden below a 1 m diameter 
radome (Fig. 1, left picture) and rotates at ~120° per second using a single elevation.  

One precipitation map is made available every minute by averaging 16 rotations (out of the 
22 available)  9 consecutive rays and 2 range-bins, hence  resulting in a total of 144 samples.  
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Table 1 summarizes main characteristics of our low-cost weather radars for both configurations 
described in Sec. 2.1 and 2.2: the innovative “wind-mill” (tailored to narrow valleys in 
mountainous terrain) and the more conventional horizontal scanner (also called “super-
gauge”). More details on the temporal sampling scheme and averaging process are given in the 
next Section 2.3. 
 

Frequency X-Band (9.4 GHz) 
Range up to 30 km 
Power 10 kW 
Pulse duration for long (short) pulse 400 (80) ns 
Pulse Repetition Frequency 800 (3200) Hz; for long (short) pulse, respectively 
1] Super-Gauge Single elevation, 3.6° beam width, horizontal plane 
2] Wind-mill  1.2° along valley, 25° across valley, vertical plane 
Antenna (depending on scanning) 1] 0.6 m paraboloid; 2] slotted waveguide 
Cost of a mini radar  < 30 kEuro (within a network of, say, 6 radars) 

Table 1. Main characteristics of the low-cost weather radar.  

2.3 High temporal resolution 

The use of precipitation estimates from weather radar has been limited not only by the 
quantitative accuracy but also by the spatio-temporal resolution: firstly, there is a significant 
number of sources of uncertainty in the process of converting the reflectivity volume data 
measured by a radar to an estimate of falling precipitation close to the ground. The factors that 
contribute to this uncertainty have been introduced and summarized in Section 1. Secondly, the 
spatio-temporal resolution of radar-based QPE products from weather radar networks was 
generally insufficient, especially for small-scale hydrological applications. Hence, one important 
advantage of our mini-radar with small antenna approach is also the high temporal resolution.  

  
Fig. 1. The portable, low-cost weather radar with (left picture) and without (right picture) 
the 1-meter Diameter radome. The configuration shown here is the so-called “super-gauge”, 
which is a single-elevation scanning in the horizontal plane with a 3.6° beam width 
parabolic reflector (Diameter of the paraboloid is 0.6 m). 
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As described in Sec. 2.2, both kinds of mini radar, the “wind-mill” (vertical plane scanning 
along valley) and the “super-gauge” (which implements the traditional horizontal scan) 
currently deliver an image of precipitation every minute; furthermore, the temporal 
resolution can easily be reduced to 30 or even 15 s.  

We here describe in more details how the time-averaged (1-minute-sampled) radar 
reflectivity measurements are acquired. For each of the 9 consecutive shots, 2 contiguous 
pulses have been acquired: the 2 contiguous pulses are separated by the pulse width, 
which is 400 ns; the 9 consecutive shots are separated by the pulse repetition interval, 
which is 1.25 ms. Every minute, the antenna performs 22 revolutions; however only data 
from the first 16 revolutions (out of 22) were averaged on a linear power scale (algebraic 
average: dBm values are antilog transformed, then averaged, then again transformed on a 
decibel logarithmic scale). This means a total of 288 (18 times 16) samples; among them, at 
least 216 are independent, if we assume a decorrelation time of ~10 ms (Fig. 1.14, 
Sauvageot [1992]): sample #1 and # 9 of the 9 consecutive rays are in fact separated by 
9×1.25 = 11.25 ms. 

3. A few qualitative examples  
3.1 An hostile environment: Detecting precipitation even inside a narrow valley 

At the beginning of November 2011 (from 3 to 9 November around noon) six days of 
continuous, wide-spread precipitation hit the north-western part of Italy (see Fig. 2). In the 
south-western Alps and in the surrounding flatlands and hills, in fact, autumn is the season 
in which the longest and heaviest rainfalls occur. This fact has long been known: a 
description of these “late-summer” Mediterranean storms can already be found in the works 
by the old-Roman author, Plinius. It can been explained in simple terms as follows: in 
autumn the Mediterranean Sea surface temperature is still high, while cold air is already 
forming over the central-northern part of Europe. This has two effects: first of all, the 
thermal contrast facilitates the deepening of pressure low over the north-western part of the 
Mediterranean Sea; secondly, the warm air that arrives from the south, flowing over the 
Mediterranean, provides a ready source of moisture.  

The enforced rising of this warm-humid convectively unstable air, thanks to the Alpine 
barrier, causes extensive and heavy rainfall. One has the impression of being subject to a 
long storm, but, in reality, it is the continuous formation of stormy cells over the same 
place.  

The first study site here presented is located in north-western Italy in the “Aosta Valley”, 
which is the smallest region in Italy. It is set between the Graian and Pennine Alps, which 
are very steep. Among the more than “four-thousand” massifs, the most famous are: Mont 
Blanc, Monte Rosa, the Matterhorn and Gran Paradiso. The Dora Baltea river together with 
its tributaries have formed the tree-leaf-shape veining of the Valley. A Digital Elevation map 
of the investigated area is shown in Fig. 2.  

Being surrounded by such high relieves (> 4000 m MSL), the deep Aosta Valley (< 500 m 
MSL) cannot be effectively monitored by any of the surrounding weather radars (Dole,  
close to Geneva; Bric, close to Torino; Monte Lema, close to Maggiore Lake). Among these 
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three radars, the one with “less worse” visibility is certainly Monte Lema, which was the 
only one able to detect some weak echoes during the 24-hour period shown in Fig. 3a (from 
12 UTC of November 4 to 12 UTC of November 5). However, because of beam shielding by 
relieves combined with overshooting, the 24-hour radar-derived rainfall amounts above the 
central-western part of the Aosta Valley are heavily underestimated: for instance, above 
Aosta town, the Swiss weather radar network (see Fig. 3a) shows amounts smaller than 2 
mm in 24 hours.  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 2. Digital Elevation map of the north-western part of Italy. 
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three radars, the one with “less worse” visibility is certainly Monte Lema, which was the 
only one able to detect some weak echoes during the 24-hour period shown in Fig. 3a (from 
12 UTC of November 4 to 12 UTC of November 5). However, because of beam shielding by 
relieves combined with overshooting, the 24-hour radar-derived rainfall amounts above the 
central-western part of the Aosta Valley are heavily underestimated: for instance, above 
Aosta town, the Swiss weather radar network (see Fig. 3a) shows amounts smaller than 2 
mm in 24 hours.  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 2. Digital Elevation map of the north-western part of Italy. 
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Fig. 3a. 24-hour cumulative rainfall amounts in the western Alps as seen by the Swiss 
weather radar network (from 12 UTC of November 4 to 12 UTC of November 5, 2011). 
North and East axes map units are in km. 

What if we supplement long-range weather radar information with precipitation fields 
derived at high spatio-temporal resolution by portable, low-cost X-band radars?  The 
answer is given in Fig. 3b, which shows what the low-cost X-band radar can detect, despite 
being deployed down deeply into the valley. As it can be seen, the 24-hour cumulative 
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precipitation amounts surrounding Aosta town indicate values between 16 and 25 mm in 24 
hours (yellow patch). According to rain gauges, such amount still represent ~2 dB radar 
underestimation: from 12 UTC of November 4 to 12 UTC of November 5, in fact, the gauges 
“Aosta Piazza Plouves” (580 m MSL) and “Aosta St. Christophe” (550 m MSL) respectively 
measured 44.2 mm and 40.2 mm. 

Finally, it is worth noting that the very complex orography causes severe beam shielding: 
the radar is practically blind at all ranges in the northern part of the circular surveillance 
area while in the southern half-circle weather echoes are only detected in approximately 
10% of the 30 km range. 

 
 

 
 
 

Fig. 3b. 24-hour cumulative rainfall amounts in the north-western part of Italy as seen by the 
low-cost X-band radar located near the town of Aosta (from 12 UTC of November 4 to 12 
UTC of November 5, 2011). The circular range ring is at 30 km range from the site of the 
mini-radar. 
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mini-radar. 
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3.2 The extreme spatio-temporal variability of the precipitation field in semi-arid 
regions 

In this section, a typical Mediterranean thunderstorm hitting the Palermo town in Sicily is 
presented. More details are given in the caption of Fig. 4 below, while QPE performances of 
the Palermo mini radar are thoroughly discussed in Sec. 4.2.1 and 4.2.2. 

  

  

  
Fig. 4. Average hourly precipitation field on the evening of February 18, 2011 in the northern 
part of a dry Mediterranean island (Sicily); it is worth noting the “wide precipitation band” 
shape and the high spatial variability of the field despite the averaging process used to 
derive hourly cumulated rainfall amounts. Each of the 6 consecutive pictures shows the 
average of 60 instantaneous maps of radar reflectivity (one per minute) transformed into 
equivalent rain rate using a fixed Z-R relationship. The first picture shows hourly 
accumulation rainfall amounts from 16 to 17 UTC; the last one from 21 to 22 UTC. The 
circular range ring is at 30 km range from the site of the mini-radar.  
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4. Some quantitative examples in Sicily and Piedmont 
4.1 Quantitative precipitation estimation (QPE) 

While Section 3 dealt with qualitative examples, in the present Section 4 we will present 
hourly radar-derived precipitation amounts as obtained from weather echoes aloft to be 
compared with point rainfall measurements acquired at the ground by rain gauges. 

4.1.1 From instantaneous radar reflectivity to hourly rain rate amounts 

We have seen in Sec. 2.3 that the mini-radar finally provides an instantaneous radar 
reflectivity value once per minute for each radar bin of 3° by 120 m. This value is in turn the 
average of 288 samples (among them, at least 32 samples are independent, see Sec. 2.3). 

It is well known that the backscattered power caused by rain drops is, unfortunately, only 
indirectly linked to the rain rate, R ([R] = mm/h). The backscattered power caused by the 
hydrometeors and detected by the radar is, in fact, directly proportional to the radar 
reflectivity factor, Z. A fundamental quantity for precise assessment of both Z and R is the 
drop size distribution (DSD), N(D), which is defined as the number of rain drops per unit 
volume in the diameter interval D, i.e. between the diameter D and D+D. The radar 
reflectivity factor, Z, is defined as the 6th moment of the DSD, namely: 

 6
0

( )Z N D D dD


  . (1) 

In radar meteorology, it is common to use the dimensions of mm for drop diameter, D, and 
to consider the summation (integral) to take place over a unit volume of 1 m3. Therefore, the 
conventional unit of Z is in mm6/m3. For the assessment of rain rate, another fundamental 
quantity is needed: the terminal drops fall velocity as a function of the diameter, (D). Since 
it is common to use [] = m/s, then the relationship is 

 4 3
0
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If precipitating hydrometeors in the radar backscattering volume were all spherical raindrops 
(which is almost never the case!) and the DSD could be described to a good approximation by 
an exponential DSD, then a simple power-law would relate Z to R. The first ever exponential 
DSD presented in a peer-reviewed paper and probably the most quoted is the Marshall-
Palmer (M-P) distribution. The power law derived using the exponential fit proposed in Eq. (1) 
and (3) of the famous paper by Marshall and Palmer [1948] is Z=296R1.47.  

Here we have used the following Z-R relationship Z = 316R1.5 to derive the variable of 
interest, R, from the geophysical observable, Z, which is detected by the meteorological 
radar. Such values have been retrieved by Doelling et al. [1998] using seven years of 
measurements in central Europe. It is also worth noting that for the 2 radars in Sicily prior to 
any processing, the radar reflectivity values were increased by 4 dB to compensate system 
losses not properly compensated in the ‘‘traditional’’ radar equation. 

For each radar bin, a maximum of 60 clutter-free radar reflectivity values are then 
transformed into R using 2/3( / 316)R Z  and then averaged to derive the corresponding 
hourly rain rate used in this study. 
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radar. Such values have been retrieved by Doelling et al. [1998] using seven years of 
measurements in central Europe. It is also worth noting that for the 2 radars in Sicily prior to 
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hourly rain rate used in this study. 
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4.1.2 QPE evaluation based on the comparison between hourly radar and gauge 
rainfall amounts  

The evaluation is based by looking at the average value and the dispersion of the errors (we 
call error the disagreement between radar and gauge amounts).  For such characterization, 
we define the two following parameters: 

1. Bias (in dB). The bias in dB is defined as the ratio between radar and gauge total 
precipitation amounts on a logarithmic (decibel) scale. It describes the overall 
agreement between radar estimates and ground point measurements. It is averaged 
over the whole space–time window of the sample. A positive (negative) bias in dB 
denotes an overall radar overestimation (underestimation). 

2. Scatter (in dB). The definition of scatter is strictly connected to the selected error 
distribution from a hydrological (end-user) and radar-meteorological (operational 
remotely sensed samples of the spatio-temporal variability of the precipitation field) 
perspective. The error distribution is expressed as the cumulative contribution to 
total rainfall (hydrologist point of view, y axis) as a function of the radar–gauge ratio 
(radar-meteorologist point of view, x axis). Most of the sources of error in radar 
precipitation estimates, in fact, have a multiplicative (rather than an additive) 
nature. An example of the error distribution is shown in Fig. 2 and 3 of Germann et 
al. [2004]. The scatter is defined as half the distance between the 16% and 84% 
percentiles of the error distribution. The scatter refers to the spread of radar–gauge 
ratios when pooling together all volumetric radar estimates aloft and point 
measurements at the ground. 

From our radar-meteorological point of view the multiplicative nature of the error prevails 
with respect to the additive one. For example, water on the radome, a wrong calibration 
radar constant, or a bad estimate of the profile all result in a multiplicative error (i.e. a 
factor) rather than an additive error (i.e. a difference). This is why bias, error distribution 
and scatter are expressed as ratios in dB. A 3 dB scatter, for instance, means that radar–
gauge ratios vary by a factor of 2. If bias is zero, it is interpreted as follows: the radar-
derived estimate lies within a factor of 2 of the gauge estimate for 68% of rainfall while for 
the remaining 32% the uncertainty is larger. The scatter as defined above is a robust measure 
of the spread. It is insensitive to outliers for two reasons. First, each radar–gauge pair is 
weighted by its contribution to total rainfall (y axis of the cumulative error distribution). An 
ill-defined large ratio that results from two small values, e.g. 0.4 mm/2 mm ~ −7 dB, 
describes an irrelevant event from a hydrological point of view, and only gets little weight. 
Second, by taking the distance between the 16% and the 84% percentiles, the tails of the 
error distribution are not overrated. Another important advantage of the spread measure is 
that it is unaffected by the bias error, hence providing a complementary view of the error in 
the estimates. The above definition of the scatter is thus a better measure of the spread than 
the less resilient standard deviation. 

4.2 Quantitative precipitation estimation for the Palermo radar  

The Palermo radar is located on a small hill next to the harbor of the capital of Sicily (blue 
triangle, Fig. 5): its latitude is 38°.1139; its longitude is 13°.358; its altitude is 45 m above 
Mean Sea Level (MSL). The radar has been installed in autumn 2010.  
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For the quantitative evaluation of the radar estimates, the most reasonable available rain 
gauge in terms of range and radar visibility is the one located in Altofonte. It is run by the 
Servizio Informativo Agrometeorologico Siciliano (SIAS). Its location (red triangle) is shown 
in Fig. 5, which represents a 90 m resolution Digital Elevation Model of the region at two 
different scales: left picture domain is ~ 540 by 540 km2; right picture is 90 by 90 km2.  
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Fig. 5. Digital Elevation Map of Sicily showing two different domains (pixel size is 90 m); the 
blue triangle shows the site of the mini radar  next to Palermo down town. The red triangle 
shows the location of the most reasonable rain gauge in terms of range and radar visibility 
(see Fig. 6); this gauge (Altofonte) has been used for the QPE evaluation. Axes map units are 
90-m pixels. 

The radar-gauge distance is 11.1 km; the rain gauge altitude is 370 m above MSL. Fig. 6 
shows the radar-gauge profile as derived using the DEM shown in Fig. 5. In addition to 
the terrain profile (black curve), the picture shows the mini-radar 3.6° Half Power Beam 
Width (HPBW, often called “3 dB beamwidth” in radar meteorology) by means of two 
blue lines. The radar beam axis, which divides such angular sector in two equal parts of 
1.8°, has an angle of elevation equal to +3°. As it can be seen from Fig. 6, the gauge 
location is not optimal: in the last kilometer before the gauge, the 3 dB portion of the 
primary lobe hits the hilly terrain, hence causing some beam shielding (power loss) and 
ground clutter contamination.  However, regarding this last problem, it is worth noting 
that the rain gauge location is behind the top of the hill: this means that Palermo radar 
echoes above the Altofonte gauge are practically ground-clutter-free; nevertheless, as 
stated, because of beam shielding, some (radar) underestimation above the gauge can be 
expected.  

For what concerns QPE, 6 rainy days (144 hours) during the first 4 months of 2011 have been 
analyzed; these days are February 1, 23 and 28, March 5, April 26 and 27.  During these 144 
hours the Gauge (Radar) total amounts was 77.4 (62.7) mm, which corresponds to an 
“overall Bias” of 0.9 dB (radar underestimation). Out of 144 analyzed hours, in 48 (42) cases 
the Gauge (Radar) derived hourly rainfall amount was larger than 0.4 mm/h, which is the 
hydrological threshold adopted in this Chapter for discriminating between  “hydrologically 
speaking” wet and dry hours (see also Table 2). 
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For the quantitative evaluation of the radar estimates, the most reasonable available rain 
gauge in terms of range and radar visibility is the one located in Altofonte. It is run by the 
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Fig. 5. Digital Elevation Map of Sicily showing two different domains (pixel size is 90 m); the 
blue triangle shows the site of the mini radar  next to Palermo down town. The red triangle 
shows the location of the most reasonable rain gauge in terms of range and radar visibility 
(see Fig. 6); this gauge (Altofonte) has been used for the QPE evaluation. Axes map units are 
90-m pixels. 

The radar-gauge distance is 11.1 km; the rain gauge altitude is 370 m above MSL. Fig. 6 
shows the radar-gauge profile as derived using the DEM shown in Fig. 5. In addition to 
the terrain profile (black curve), the picture shows the mini-radar 3.6° Half Power Beam 
Width (HPBW, often called “3 dB beamwidth” in radar meteorology) by means of two 
blue lines. The radar beam axis, which divides such angular sector in two equal parts of 
1.8°, has an angle of elevation equal to +3°. As it can be seen from Fig. 6, the gauge 
location is not optimal: in the last kilometer before the gauge, the 3 dB portion of the 
primary lobe hits the hilly terrain, hence causing some beam shielding (power loss) and 
ground clutter contamination.  However, regarding this last problem, it is worth noting 
that the rain gauge location is behind the top of the hill: this means that Palermo radar 
echoes above the Altofonte gauge are practically ground-clutter-free; nevertheless, as 
stated, because of beam shielding, some (radar) underestimation above the gauge can be 
expected.  

For what concerns QPE, 6 rainy days (144 hours) during the first 4 months of 2011 have been 
analyzed; these days are February 1, 23 and 28, March 5, April 26 and 27.  During these 144 
hours the Gauge (Radar) total amounts was 77.4 (62.7) mm, which corresponds to an 
“overall Bias” of 0.9 dB (radar underestimation). Out of 144 analyzed hours, in 48 (42) cases 
the Gauge (Radar) derived hourly rainfall amount was larger than 0.4 mm/h, which is the 
hydrological threshold adopted in this Chapter for discriminating between  “hydrologically 
speaking” wet and dry hours (see also Table 2). 
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Fig. 6. Vertical section of the terrain profile from the Palermo radar site to the Altofonte 
gauge derived from the Digital Elevation Model shown in Fig. 5. The blue lines indicate the 
boundaries of the radar antenna Half Power Beam Width.  

The scope of our QPE analysis is twofold:  

 to evaluate from an hydrological point of view the radar ability in discriminating wet 
versus dry hours; 

 to assess quantitatively the radar accuracy in estimating hourly rain rates. 

As introduced in the methodological Section 4.1.2, the latter quantitative assessment will be 
based on the Scatter in dB and thoroughly described in Sec. 4.2.2; the former evaluation will 
be presented in the Sec. 4.2.1. 

4.2.1 Wet versus dry hours discrimination according to radar echoes using the gauge 
as reference 

The history of applying contingency tables (also called error matrices in the remote sensing 
field) for the verification of one set of observations against a reference set is a quite long one.  
The history of categorical statistics based on such tables is rather fascinating and an 
interesting account is given by Murphy (1996). Most of the scores were first derived nearly a 
century ago and have been rediscovered several times (with different names in different 
branches of science, see for instance the bullet list below). 
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The dimension of the contingency tables can be as small as 22 (tetrachoric) or larger 
(polychoric) depending on the number of thresholds used in the classification scheme. 
Obviously, in our wet-versus-dry hourly values discrimination, we are dealing with 
tetrachoric tables, since just one discrete value (namely 0.4 mm/h) is used to divide the 
two categories. On the one hand, the properties of a set of observations can be condensed 
and clearly displayed through such tables; on the other hand, to satisfy needs of specific 
users,  even for a simple tetrachoric table, several different scores have been introduced. 
Here, we will use two scores that can be applied to both tetrachoric and polychoric 
tables:  

 the Heidke Skill Score (HSS), also known as Kappa Index of Agreement (KIA), Khat, …  
 the Hanssen-Kuipers (HK) score also known as True Skill Score (TSS), … 

Details regarding these two scores can be found in literature; the interested reader may 
refer, among others, to the paper by Tartaglione [2010] regarding HK and to the work by 
Hogan et al. [2009] regarding HSS. In particular, the Appendix of this last paper interestingly 
aims at estimating confidence intervals in the HSS.  
 

 G  0.4 mm/h G < 0.4 mm/h  

R  0.4 mm/h 38 4 42

R < 0.4 mm/h 10 92 102

 48 96 144

Table 2. Contingency table between the Palermo radar estimates and the Altofonte rain 
gauge measurements. 

From Table 2, it is straightforward to derive the Probability Of Detection (POD), which is 
38/48= 0.79 and the False Alarm Ratio (FAR), which is 4/42= 0.095. 

Regarding the two above mentioned multi-categorical scores selected, HSS results to be 
0.774; HK is slightly smaller: 0.750. 

4.2.2 Quantitative agreement between gauge and radar-derived hourly rain rates 

During the 48 “Wet-Gauge” hours, the total rainfall amount according to the Altofonte 
Gauge was 72.4 mm. According the Palermo Radar, the total rainfall amount was 55.9 mm, 
which means a residual “Wet-Gauge Mean Field Bias” of 1.1 dB (radar underestimation). 
Based on these 48 “Wet-Gauge” hourly amounts, which are shown in Fig. 7, the Scatter 
results to be 2.38 dB, as can also be seen from the 48 values displayed in Fig. 8. 

Using only the 38 hours where BOTH the Radar AND the Gauge amounts were larger or 
equal to 0.4 mm/h, the total Gauge (Radar) amount was 64.6 (54.7) mm. Consequently, the 
“wet-wet” Mean Field Bias is 0.7 dB. As expected, also the “wet-wet” Scatter improves: 
based on such 38 “wet-wet” hourly amounts, it results to be 1.97 dB, as can be seen from Fig. 
9. The 0.4 dB decrease in the value of the Scatter is a clue of the not-negligible rain amount 
missed by the radar during the 10 “Missing Detection hours”. 
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Fig. 6. Vertical section of the terrain profile from the Palermo radar site to the Altofonte 
gauge derived from the Digital Elevation Model shown in Fig. 5. The blue lines indicate the 
boundaries of the radar antenna Half Power Beam Width.  
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missed by the radar during the 10 “Missing Detection hours”. 
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Palermo Radar vs Altofonte Gauge: 48 hourly amounts with G >= 0.4 mm/h

 
Fig. 7. Scatter plot of 48 hours with Altofonte gauge amounts larger or equal than 0.4 mm/h 
and the corresponding Palermo radar estimates. The scale is linear and the maximum value 
is set to 10 mm/h (as in Fig. 16 for the Torino site). 

 
Fig. 8. Cumulative contribution to total rainfall as a function of Radar-Gauge ratio for hourly 
precipitation with G  0.4 mm/h (48 samples). 
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Fig. 9. Cumulative contribution to total rainfall as a function of Radar-Gauge ratio for hourly 
precipitation with both R and G  0.4 mm/h (38 samples).  

4.3 Quantitative precipitation estimation for the Bisacquino radar  

The Bisacquino radar is located in the central-western part of Sicily: latitude is 37°.707; 
longitude is 13°.262; altitude is 780 m above Mean Sea Level (MSL). As for the Palermo 
radar (Sec. 4.2), it has been installed in autumn 2010.  

For the quantitative evaluation of the radar estimates there is an optimal rain gauge run by 
the Servizio Informativo Agrometeorologico Siciliano (SIAS) and installed in the 
municipality of Giuliana (località Castellana). Its location (red triangle) with respect to the 
radar (blue triangle) is shown in Fig. 10 together with the DEM of the area.   

The radar-gauge distance is 8.7 km; the rain gauge altitude is 250 m above MSL. As can be 
seen from Fig. 11, the gauge location is optimal not only in terms of range, but most of all in 
terms of radar visibility: no partial beam shielding by relieves affects the mini radar 3.6° 
Half Power Beam Width (HPBW),  which is delimited by the two blue lines in Fig. 11  (the 
radar beam axis has an angle of elevation set to 1°).  

Furthermore, the hill located at 3 km range from the radar, causes partial beam shielding of 
the remaining part of the primary lobe and total shielding of the secondary lobes in 
elevation; consequently, we can conclude that residual ground clutter contamination 
affecting radar echoes above the Giuliana rain gauge is negligible.  

For what concerns QPE, 4 rainy days (96 hours) during the first 5 months of 2011 have been 
analyzed; these days are February 23, March 13, April 26 and May 22. During these 96 hours 
the Gauge (Radar) total amounts was 98.2 (77.7) mm, which corresponds to an “overall Bias” 
of 1.0 dB (radar underestimation).  
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terms of radar visibility: no partial beam shielding by relieves affects the mini radar 3.6° 
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the remaining part of the primary lobe and total shielding of the secondary lobes in 
elevation; consequently, we can conclude that residual ground clutter contamination 
affecting radar echoes above the Giuliana rain gauge is negligible.  

For what concerns QPE, 4 rainy days (96 hours) during the first 5 months of 2011 have been 
analyzed; these days are February 23, March 13, April 26 and May 22. During these 96 hours 
the Gauge (Radar) total amounts was 98.2 (77.7) mm, which corresponds to an “overall Bias” 
of 1.0 dB (radar underestimation).  



Doppler Radar Observations –  
Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications 

 

192 

200 400 600 800 1000

100

200

300

400

500

600

700

800

900

1000
 

Fig. 10. Digital Elevation Map of the western part of Sicily showing the Bisacquino radar site 
(red triangle) and the Giuliana rain gauge location (blue triangle). Axes map units are 90-m 
pixels. 
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Fig. 11. As in Fig. 6, but for the Bisacquino radar and the Giuliana rain gauge.  
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Out of 96 analyzed hours, in 37 (34) cases the Gauge (Radar) derived hourly rainfall amount 
was larger than 0.4 mm/h (see the next Sec. 4.3.1 and Table 3 for more details).  

4.3.1 Wet versus dry hours discrimination  

From Table 3, it is easy to see that in this case the POD is (29/37) 0.78 while the FAR is 
relatively high: (5/34) 0.15. If we consider scores that deal with all the elements of the table, 
then HSS results to be 0.710 while HK is quite similar: 0.699. 
 

 G  0.4 
mm/h 

G < 0.4 
mm/h  

R  0.4 mm/h 29 5 34 
R < 0.4 mm/h 8 54 62 

 37 59 96 

Table 3. Contingency table between the Bisacquino radar observations and the Giuliana rain 
gauge measurements during the 96-hour observation period. 

4.3.2 Quantitative agreement between gauge and radar-derived hourly rain rates 

During the 37 “Wet-Gauge hours”, the total rainfall amount according to the Giuliana 
Gauge was 97.4 mm. According to the Palermo Radar, the total rainfall amount was 74.6 
mm, which means a residual “Wet-Gauge Mean Field Bias” of 1.2 dB (radar 
underestimation). Based on these 37 “Wet-Gauge” hourly amounts, the Scatter results to be 
1.47 dB. (as can be seen in Fig. 12). Such 37  Radar-Gauge data pairs are shown in Fig. 13. 

 
Fig. 12. As for Fig. 8, but for the 37 samples (G  0.4 mm/h) of the Giuliana rain gauge. 
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Fig. 10. Digital Elevation Map of the western part of Sicily showing the Bisacquino radar site 
(red triangle) and the Giuliana rain gauge location (blue triangle). Axes map units are 90-m 
pixels. 
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Fig. 11. As in Fig. 6, but for the Bisacquino radar and the Giuliana rain gauge.  

 
A Network of Portable, Low-Cost, X-Band Radars 

 

193 

Out of 96 analyzed hours, in 37 (34) cases the Gauge (Radar) derived hourly rainfall amount 
was larger than 0.4 mm/h (see the next Sec. 4.3.1 and Table 3 for more details).  

4.3.1 Wet versus dry hours discrimination  

From Table 3, it is easy to see that in this case the POD is (29/37) 0.78 while the FAR is 
relatively high: (5/34) 0.15. If we consider scores that deal with all the elements of the table, 
then HSS results to be 0.710 while HK is quite similar: 0.699. 
 

 G  0.4 
mm/h 

G < 0.4 
mm/h  

R  0.4 mm/h 29 5 34 
R < 0.4 mm/h 8 54 62 

 37 59 96 

Table 3. Contingency table between the Bisacquino radar observations and the Giuliana rain 
gauge measurements during the 96-hour observation period. 

4.3.2 Quantitative agreement between gauge and radar-derived hourly rain rates 

During the 37 “Wet-Gauge hours”, the total rainfall amount according to the Giuliana 
Gauge was 97.4 mm. According to the Palermo Radar, the total rainfall amount was 74.6 
mm, which means a residual “Wet-Gauge Mean Field Bias” of 1.2 dB (radar 
underestimation). Based on these 37 “Wet-Gauge” hourly amounts, the Scatter results to be 
1.47 dB. (as can be seen in Fig. 12). Such 37  Radar-Gauge data pairs are shown in Fig. 13. 

 
Fig. 12. As for Fig. 8, but for the 37 samples (G  0.4 mm/h) of the Giuliana rain gauge. 



Doppler Radar Observations –  
Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications 

 

194 

 
 
 
 

0 2 4 6 8 10 12 14 16 18 20
0

2

4

6

8

10

12

14

16

18

20

Rain gauge hourly amounts, G; [G] = mm/h

R
ad

ar
 e

st
im

at
es

 a
lo

ft 
in

 m
m

/h

Bisaquino Radar vs Giuliana Gauge: 37 hourly amounts with G >= 0.4 mm/h

 
 
 
 
 

Fig. 13. Scatter plot of 37 hours with Giuliana gauge amounts larger or equal than 0.4 mm/h 
and the corresponding Bisacquino radar estimates. It is worth noting that in this case the 
maximum value of the linear scale for the scatter plot is 20 mm/h. 

Using only the 29 hours where BOTH the Radar AND the Gauge amounts were larger or 
equal to 0.4 mm/h, the total Gauge (Radar) amount was 90.6 (73.5) mm. Consequently, the 
“wet-wet” Mean Field Bias is 0.9 dB. Also the “wet-wet” Scatter improves slightly: based 
on such 29 “wet-wet” hours, it results to be 1.31 dB, as it can be seen from Fig. 14. The 0.16 
dB decrease in the value of the Scatter is a clue of the almost marginal rain amount missed 
by the radar during the 8 “Missing Detection hours” (6.8/97.4). 
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Fig. 14. As for Fig. 12, but for 29 samples with both R and G  0.4 mm/h.  

4.4 Quantitative precipitation estimation for the Torino radar  

The Torino radar is located on the roof of the Politecnico di Torino  (Electronics and 
Telecommunications Department): its latitude is 45°.063; the longitude is 7°.660; the altitude 
is 275 m above Mean Sea Level (MSL).  

For the quantitative evaluation of the radar estimates we have been using three rain gauges: 
Castagneto Po, Ciriè and Nichelino. The observation period is based on 42 hours.  

For the rain gauge of Castagneto Po, the radar visibility is similar to that of Palermo radar 
versus Altofonte gauge, although the range is considerably longer: 21.1 km. As it can be seen 
from Fig. 15 (left picture), which shows the radar-gauge profile, the ground clutter 
contamination at the gauge location should be negligible since the device is luckily just 
behind the top of the hill: this means that Torino radar echoes above the gauge are at least 
ground-clutter-free. For the rain gauge in Ciriè, the range is 18.7 km, while the situation is 
worse in terms of ground clutter: the gauge location (Fig. 15, right) is, in fact, visible from 
the radar site. For the Nichelino gauges the situation is similar. 

For what concerns QPE, we have at our disposal data from the 3 gauges during the same 42 
hours (April 2011). During these 126 hours the Gauge (Radar) total amounts was 121.7 
(114.2) mm, which corresponds to an “overall Bias” of 0.3 dB (radar underestimation).  

Out of 126 analyzed hours, in 63 (45) cases the Gauge (Radar) derived hourly rainfall 
amount was larger than 0.4 mm/h (see the next Sec. 4.4.1 and Table 4 for more details).  
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The Torino radar is located on the roof of the Politecnico di Torino  (Electronics and 
Telecommunications Department): its latitude is 45°.063; the longitude is 7°.660; the altitude 
is 275 m above Mean Sea Level (MSL).  

For the quantitative evaluation of the radar estimates we have been using three rain gauges: 
Castagneto Po, Ciriè and Nichelino. The observation period is based on 42 hours.  

For the rain gauge of Castagneto Po, the radar visibility is similar to that of Palermo radar 
versus Altofonte gauge, although the range is considerably longer: 21.1 km. As it can be seen 
from Fig. 15 (left picture), which shows the radar-gauge profile, the ground clutter 
contamination at the gauge location should be negligible since the device is luckily just 
behind the top of the hill: this means that Torino radar echoes above the gauge are at least 
ground-clutter-free. For the rain gauge in Ciriè, the range is 18.7 km, while the situation is 
worse in terms of ground clutter: the gauge location (Fig. 15, right) is, in fact, visible from 
the radar site. For the Nichelino gauges the situation is similar. 

For what concerns QPE, we have at our disposal data from the 3 gauges during the same 42 
hours (April 2011). During these 126 hours the Gauge (Radar) total amounts was 121.7 
(114.2) mm, which corresponds to an “overall Bias” of 0.3 dB (radar underestimation).  

Out of 126 analyzed hours, in 63 (45) cases the Gauge (Radar) derived hourly rainfall 
amount was larger than 0.4 mm/h (see the next Sec. 4.4.1 and Table 4 for more details).  
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4.4.1 Wet versus dry hours discrimination  

From Table 4, we can see that on the one hand the number of Missing Detections (22) is 
relatively high: hence POD is relatively small 0.65; FAR is relatively small: 0.089. Finally, 
HSS results to be 0.587, which is by chance exactly the same as HK . 
 

 G  0.4 mm/h G < 0.4 mm/h  
R  0.4 mm/h 41 4 45
R < 0.4 mm/h 22 59 81

 63 63 126

Table 4. Contingency table for the Torino radar and 3 gauges (42-hour observation period). 
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Fig. 15. As in Fig. 6, but for the Torino radar. Left: Castagneto Po-Torino Radar profile; right: 
Ciriè-Torino Radar profile. 

4.4.2 Quantitative agreement between gauge and radar-derived hourly rain rates 

During the 63 “Wet-Gauge hours”, the total rainfall amount measured by the three gauges 
was 119.7 mm. The corresponding radar-derived amount was 108.0 mm. Based on these 
“Wet-Gauge” 63-hourly amounts the Bias is 0.4 dB. As can be clearly seen from Fig. 16, the 
agreement between the radar and the 3 gauges is quite poor. This fact is obviously reflected 
in the amazingly large value of the Scatter, which is as bad as 5.38! dB. 

Fig. 17 shows  the 63 “Wet-Gauge hours” hourly amounts as measured by the gauges at the 
ground and as derived from radar echoes aloft: the large scatter between such different 
devices and their different sampling modes is again evident. 

Using only the 41 hours where BOTH the Radar AND the Gauge amounts were larger or 
equal to 0.4 mm/h, the total rainfall amount measured by the three gauges is reduced to 
94.5 mm. The corresponding radar-derived amount remains instead almost the same: 106.2 
mm. Consequently, the “wet-wet” Mean Field Bias increases and becomes even positive: 
+0.5 dB (radar overestimation). Also the “wet-wet” Scatter improves remarkably: based on 
such 41 “wet-wet” hours, it results to be 3.73 dB, which is still a figure much worse than the 
one obtained for the 2 radars in Sicily. Such huge Scatter value decrease (high sensitivity to 
different radar thresholds) is again a clue of the poor QPE agreement for the Torino radar. 
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Fig. 16. As for Fig. 8, but for 63 samples with G  0.4 mm/h. 
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Fig. 17. Same as Fig. 7, but for the Torino radar (63 hours with G  0.4 mm/h). 
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Fig. 15. As in Fig. 6, but for the Torino radar. Left: Castagneto Po-Torino Radar profile; right: 
Ciriè-Torino Radar profile. 

4.4.2 Quantitative agreement between gauge and radar-derived hourly rain rates 

During the 63 “Wet-Gauge hours”, the total rainfall amount measured by the three gauges 
was 119.7 mm. The corresponding radar-derived amount was 108.0 mm. Based on these 
“Wet-Gauge” 63-hourly amounts the Bias is 0.4 dB. As can be clearly seen from Fig. 16, the 
agreement between the radar and the 3 gauges is quite poor. This fact is obviously reflected 
in the amazingly large value of the Scatter, which is as bad as 5.38! dB. 

Fig. 17 shows  the 63 “Wet-Gauge hours” hourly amounts as measured by the gauges at the 
ground and as derived from radar echoes aloft: the large scatter between such different 
devices and their different sampling modes is again evident. 

Using only the 41 hours where BOTH the Radar AND the Gauge amounts were larger or 
equal to 0.4 mm/h, the total rainfall amount measured by the three gauges is reduced to 
94.5 mm. The corresponding radar-derived amount remains instead almost the same: 106.2 
mm. Consequently, the “wet-wet” Mean Field Bias increases and becomes even positive: 
+0.5 dB (radar overestimation). Also the “wet-wet” Scatter improves remarkably: based on 
such 41 “wet-wet” hours, it results to be 3.73 dB, which is still a figure much worse than the 
one obtained for the 2 radars in Sicily. Such huge Scatter value decrease (high sensitivity to 
different radar thresholds) is again a clue of the poor QPE agreement for the Torino radar. 

 
A Network of Portable, Low-Cost, X-Band Radars 

 

197 

 
Fig. 16. As for Fig. 8, but for 63 samples with G  0.4 mm/h. 
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Fig. 17. Same as Fig. 7, but for the Torino radar (63 hours with G  0.4 mm/h). 
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4.5 QPE Summary in terms of bias and scatter in dB  

For the three mini-radar sites discussed in the previous paragraphs, Table 5 provides a 
summary of the QPE evaluation in terms of Bias in dB (as a function of the number of 
considered hours). When all the wet and dry hours are considered, we have the so-called 
“overall” Bias: it includes False Alarm events (mainly caused by ground clutter contamination) 
and Missing Detection (caused by beam overshooting, see Sec. 1.2 and, in some cases, 
attenuation) events; it is certainly the most resistant and complete definition of Bias. It is 
obviously a measure of the mean error and says nothing about the error dispersion around the 
mean. For this purpose, there is the Scatter, which will be presented in the Table 6. 

 
Fig. 18. As for Fig. 16, but for but for 41 samples with both R and G  0.4 mm/h.  

While the “overall” Bias (1st column) includes both wet and dry periods, the other two Bias 
(2nd and 3rd column) are conditional upon rain: the “Wet-Gauge” Bias considers only hours 
where the gauge amounts are larger than 0.4 mm/h; finally, the definition of “wet-wet” Bias 
reduces further the number of hours used in the calculus: in such case, only hours with both 
radar and gauge amounts larger than 0.4 mm/h are used. 
 

Site “Overall” Bias “Wet-Gauge” Bias “Wet-Wet” Bias 
Palermo radar 0.9 dB (144 h) 1.1 dB (48 h) 0.7 dB (38 h) 
Bisacquino radar 1.0 dB (96 h) 1.2 dB (37 h) 0.9 dB (29 h) 
Torino radar 0.3 dB (126 h) 0.4 dB (63 h) +0.5 dB (41 h) 

Table 5. QPE evaluation summary in terms of Bias for three mini-radar sites. The number of 
hours of each data set are given in parentheses.  
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Table 6 summarizes the dispersion of the radar-gauge errors using the hydrological-oriented 
score called Scatter (see Sec. 4.1.2). Since, as discussed previously, in the radar detection 
process (see for instance the “multiplicative” nature of the meteorological radar equation 
derived by Probert-Jones [1962]), the multiplicative nature of error prevails, the Scatter is 
defined as a ratio between the Radar (the device under test) and the Gauge (the reference). 
Hence, dry hours cannot be considered in evaluating the Scatter (unless using some trick, 
like for instance adding a negligible amount…) Consequently, only “Wet-Gauge” hours or 
“wet-wet” hours are considered in Table 6.   

It can be concluded that the three-presented X-band radars are less reliable at low rain rates. 
By limiting the observations to hours with both Radar and Gauge amounts larger than 0.4 
mm/h, the agreement improves not only in terms of Bias, but most of all in terms of Scatter. 
Finally, in the interpretation of these values of Bias and Scatter, it is important to bear in 
mind the large intrinsically different sampling modes as well as mismatches in time of the 
radar and gauge devices (e.g. Zawadzki [1975]). 
 

Site “Wet-Gauge” Scatter “Wet-Wet” Scatter 
Palermo radar 2.38 dB (48 h) 1.97 dB (38 h) 

Bisacquino radar 1.47 dB (37 h) 1.31 dB (29 h) 
Torino radar 5.38 dB (63 h) 3.73 dB (41 h) 

Table 6. QPE evaluation summary in terms of Scatter for three mini-radar sites. The number 
of hours of each data set are given in parentheses. 

5. Open issues and limitations 
Short-wavelength (X-band) radar has the benefit of attaining high spatial resolution with a 
smaller antenna. However, there is a clear disadvantage compared to longer wavelengths: an 
increased attenuation in the presence of precipitation.  Imagine three 2-km convective cells with 
instantaneous rain rate of 20, 40 and 100 mm/h respectively: at X-band frequencies these cells 
would cause two-way attenuation in radar reflectivity values of approximately 1.5, 3.6! and 11!! 
dB. Such figures preclude not only the use of X-band radar for long-range monitoring but also 
an accurate QPE, even at short-range. A partial remedy could be the use of polarimetric 
information, but this would remarkably increase the cost of the system: in the interesting work 
by Mc Laughlin et. al [2009], the cost of a Doppler, fully Polarimetric advanced X-band system 
developed within the framework of the CASA project is estimated in approximately 180 kEuro, 
which is almost 8 dB more expensive than our low-cost, semi-quantitative approach. 

6. Summary: Filling the gap, which is observing the lowest part of the 
troposphere at short-range with portable, low-cost radars 
Radar sampling volume increases with the square of the range (beam broadening) therefore, 
at longer ranges, small but intense features of the precipitation system are blurred (non-
homogeneous beam filling). Furthermore, it is more likely to include different types of 
hydrometeors (e.g. snow, ice, rain drops), especially in the vertical dimension. At long-
range, because of the decreased vertical resolution, the lower part of the sampling volume 
can be in rain whereas the upper part can be even characterized by an echo weaker than the 
radar sensitivity itself (beam overshooting).  
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4.5 QPE Summary in terms of bias and scatter in dB  
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summary of the QPE evaluation in terms of Bias in dB (as a function of the number of 
considered hours). When all the wet and dry hours are considered, we have the so-called 
“overall” Bias: it includes False Alarm events (mainly caused by ground clutter contamination) 
and Missing Detection (caused by beam overshooting, see Sec. 1.2 and, in some cases, 
attenuation) events; it is certainly the most resistant and complete definition of Bias. It is 
obviously a measure of the mean error and says nothing about the error dispersion around the 
mean. For this purpose, there is the Scatter, which will be presented in the Table 6. 

 
Fig. 18. As for Fig. 16, but for but for 41 samples with both R and G  0.4 mm/h.  

While the “overall” Bias (1st column) includes both wet and dry periods, the other two Bias 
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Table 5. QPE evaluation summary in terms of Bias for three mini-radar sites. The number of 
hours of each data set are given in parentheses.  
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Table 6 summarizes the dispersion of the radar-gauge errors using the hydrological-oriented 
score called Scatter (see Sec. 4.1.2). Since, as discussed previously, in the radar detection 
process (see for instance the “multiplicative” nature of the meteorological radar equation 
derived by Probert-Jones [1962]), the multiplicative nature of error prevails, the Scatter is 
defined as a ratio between the Radar (the device under test) and the Gauge (the reference). 
Hence, dry hours cannot be considered in evaluating the Scatter (unless using some trick, 
like for instance adding a negligible amount…) Consequently, only “Wet-Gauge” hours or 
“wet-wet” hours are considered in Table 6.   
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by Mc Laughlin et. al [2009], the cost of a Doppler, fully Polarimetric advanced X-band system 
developed within the framework of the CASA project is estimated in approximately 180 kEuro, 
which is almost 8 dB more expensive than our low-cost, semi-quantitative approach. 

6. Summary: Filling the gap, which is observing the lowest part of the 
troposphere at short-range with portable, low-cost radars 
Radar sampling volume increases with the square of the range (beam broadening) therefore, 
at longer ranges, small but intense features of the precipitation system are blurred (non-
homogeneous beam filling). Furthermore, it is more likely to include different types of 
hydrometeors (e.g. snow, ice, rain drops), especially in the vertical dimension. At long-
range, because of the decreased vertical resolution, the lower part of the sampling volume 
can be in rain whereas the upper part can be even characterized by an echo weaker than the 
radar sensitivity itself (beam overshooting).  
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By the term “range degradation” we mean several important sources of uncertainty 
regarding radar-based estimates of rainfall: beam broadening, non-homogeneous beam 
filling, partial beam occultation, overshooting and, depending on the operating frequency, 
attenuation. Such sources of uncertainty in general increase with increasing range. Current 
approaches to operational weather observation are based on the use of physically large, 
high-power, long-range radars, which are blocked from viewing the lower part of the 
troposphere by the Earth’s curvature combined with orography. Hence, range degradation 
is one of the main problems in QPE and certainly a key factor in the underestimation of 
rainfall accumulation at far ranges with conventional long-range radars (e.g. Kitchen and 
Jackson [1993], Smith et al. [1996], Meischner et al. [1997], Seo et al. [2000], Gabella et al. [2000], 
Chumechean et al. [2004], Joss et al. [2006]).  

This Chapter describes an alternate approach based on networks of large number of small, 
low-cost, X-band radars. Spacing these radars twenty kilometers apart defeats the Earth’s 
curvature problem and enables the sampling of the lowest part of the troposphere using 
small antennas and low-power transmitters. Such networks can provide observing 
capabilities which supplement the operational state of the art radar network satisfying at the 
same time the needs of multiple users. Improved capabilities associated with this 
technology include low-altitude coverage and high temporal resolution. This technology has 
the potential to supplement the widely spaced networks of physically large high-power 
radars in use today. 

Indeed, short-wavelength low-cost radar is able to fill a remarkable gap in observational 
meteorology: small, low-cost, radars can be used to supplement conventional, long-range 
radar networks in complex orography regions (e.g. the Alps and the Apennines), in highly 
populated areas (improving urban hydrology in major towns), in sensitive regions (areas 
prone to hydro-geological hazards) and along technological networks (e.g. highways, gas 
pipelines, …) New important spatio-temporal scales (see Table 7), which characterize the 
highly variable precipitation field can now be investigated at affordable costs thanks to 
portable, low-cost, X-band weather radar developed, among others, by the Remote Sensing 
Group at Politecnico di Torino. 
 

Type of device Band Cost Coverage Sampling vol. Temporal res. 

TRMM (or future GPM) 
spaceborne radar Ku (Ka)  global 5109-1010 m3 Once per day 

Long-range, Doppler,  
dual-pol radar S (C) 1000 to 2000 k€ 200 000 km2 105-109 m3 300 s 

Medium-range dual-pol radar X 200 to 500 k€ 5000 km2 104-108 m3 120 s 

Short–range radar X 30 k€ 2000 km2 104-107 m3 30 s 

Rain Gauge ---  point 50 m3 600 s 

Disdrometer ---  point 10 m3 1800 s 

Table 7. The observational gap filled by the new portable, low-cost X-band weather radar 
network. 
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Retrieving High Resolution 3-D Wind Vector 
Fields from Operational Radar Networks 

Olivier Bousquet 
Météo-France, Centre National de Recherches Météorologiques 

France 

1. Introduction 
The ability to retrieve 3-D wind vector fields in a fully operational framework has a 
potentially wide-ranging impact on a variety of meteorological research and operational 
meteorological applications.  This capability was recently evaluated by the French Weather 
Service in the course of an upgrade program aiming to introduce Doppler and dual-
polarimetric technologies within its radar network. Starting in November 2006, real-time 
multiple-Doppler wind fields have been produced routinely every 15 minutes for 2 years 
within a 320x320 km² domain centered on Paris city (Bousquet et al. 2007, 2008a). The 
evaluation of wind fields synthesized in this framework was carried out from observations 
collected in a variety of weather situations including low-level cyclones, frontal systems and 
squall lines. Wind vectors retrieved in the greater Paris area were generally proved very 
realistic and have been found reliable enough to be used for research applications 
(mesoscale meteorology, statistical analysis) and numerical model verification (Bousquet et 
al. 2008b). In order to prepare for the field phase of the international Hydrological 
Mediterranean Experiment (HyMeX1), which will be conducted in 2012-2013, this analysis 
has later been successfully extended to regions of complex terrain located in the southern 
part of the country (Bousquet, 2009). The ability to perform operational wind retrieval in 
mountainous areas is an important step to improve our understanding of orographic 
precipitation developing in these usually poorly instrumented regions, and also 
demonstrates that operational real-time wind retrieval could potentially be carried out over 
the entire French territory – ground elevation exceeds 500 m over ~ 1 fifth of mainland 
France – which was the initial objective of the French Weather Service when this experiment 
was started. In 2009, the wind retrieval analysis was therefore extended to the full 
metropolitan radar network with the goal to implement an operational, nationwide, three-
dimensional reflectivity and wind field mosaic to be ultimately delivered to forecasters and 
modelers, as well as automatic nowcasting systems for air traffic management purposes. In 
this composite analysis, which is expected to become operational in 2013, data collected by 
all 24 radars of the French radar network are concentrated, pre-processed and combined in 
real-time at a frequency of 15 minutes to retrieve the complete wind vector (u,v,w) and 
                                                 
1 HyMeX is an international program that aims at a better understanding and quantification of the 
hydrological cycle and related processes in the Mediterranean, with emphasis on high-impact 
orographic weather events. Information about this program can be found on http://www.hymex.org 
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reflectivity fields at a horizontal resolution of 2.5 km within a domain of approximately 1000 
x 1000 x 12 km3. This achievement, through the size of the retrieval domain, the number of 
Doppler radars (24) involved in the analysis, and the fact that retrieved three-dimensional 
winds rely exclusively on an operational infrastructure, represents an unprecedented 
breakthrough in operational applications of the Doppler information, which are so far 
generally limited to clutter filtering and Velocity Azimuth Display analysis (VAD, Browning 
and Wexler 1968). 

The present study aims at examining the technical requirements needed to achieve real-time 
operational multiple-Doppler analysis in an operational framework, as well as to evaluate 
the performance and usefulness of three-dimensional wind composite retrieved from 
operational radar systems. After a recall of the principle of dual-Doppler wind retrieval and 
a description of the French radar network characteristics winds retrieved in this operational 
framework are evaluated using outputs produced during various high impact weather 
events that recently occurred over mainland France. This includes the extratropical storm 
Klaus, already referred to as the storm of the decade by many European forecasters, which 
stroke France with hurricane strength winds on 24 January 2009, as well as a heavy 
orographic precipitation event that occurred over the Massif Central Mountains in 
September 2010. The potential value of these unique datasets for both operational and a 
research application is also discussed with emphasis on the upcoming HyMeX program.  

2. Wind retrieval 
2.1 Principle of dual-Doppler wind retrieval 

All current dual-Doppler analysis techniques originate from the seminal work of Armijo 
(1969) who demonstrates that it was possible to retrieve the three components of the wind 
field in precipitating area using i) the precipitation radial velocity data collected by 2 
Doppler radars, ii) the anelastic air mass continuity equation and iii) empirical 
relationships between radar reflectivity and precipitation fallspeed (Z-R relationships). 
Among the numerous methods based on Armijo’s methodology, three groups can be 
identified:  i) analytical approaches (e.g. Scialom and Lemaitre 1990), which aim at 
retrieving the wind field under its analytical form, ii) coplane techniques (Lhermitte and 
Miller 1970, Chong and Testud 1996), which allow resolving the wind field in a cylindrical 
space and, iii) Cartesian methods, which aim to resolve the wind field in a Cartesian space 
by the mean of an iterative process between the radial velocity equations and the 
continuity equation (Heymsfield  1978). Among those 3 families, the latter is the most 
computationally efficient and the easiest to implement, making it by far the most popular 
method with researchers.  

Despite its relative simplicity, the Cartesian method has nevertheless been an inexhaustible 
source of inspiration for radar scientists and led to more than 50 peer-reviewed publications 
over the last 30 years. Although highlighting a particular method among all available 
Cartesian techniques is difficult, one could mention the approaches proposed by Gamache 
(1995) – detailed information about this technique can be found in the appendix of Reasor et 
al. (2009) - Bousquet and Chong (1998) and Gao et al. (1999). All three techniques 
significantly improved the Cartesian approach by suppressing the iterative process 
traditionally associated with Cartesian retrieval algorithm (see below).  
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2.2 The MUSCAT analysis 

The wind retrieval technique used by the French Weather Service is the Multiple-Doppler 
Synthesis and Continuity Adjustment Technique (MUSCAT), which is a variational 
algorithm allowing for a simultaneous and computationally efficient solution of the three 
Cartesian wind components (u, υ, w). This method was originally proposed by Bousquet and 
Chong (1998) to overcome the drawbacks of iterative analysis techniques used to process 
data collected by airborne Doppler radars. It was later adapted to ground-based radars 
(Chong and Bousquet 2001) in order to analyze observations collected during the field phase 
of Mesoscale Alpine Programme (Bougeault et al. 2001) during which it was used in a semi-
operational mode to guide research aircrafts in the field (Chong et al., 2000). The MUSCAT 
algorithm has been used successfully for more than 10 years in order to synthesize data 
collected by ground-based and mobile research radars (e.g. Bousquet and Chong 2000, 
Georgis al. 2003, Bousquet and Smull 2006), and has even been applied to wind lidars 
(Drechsel et al. 2009).  In order to use this algorithm in an operational framework a 
modification of the initial MUSCAT formalism was proposed by Bousquet et al. (2008a) to 
take into account extensive radar separation distances prevailing in operational radar 
networks.  

The current form of the MUSCAT algorithm is given hereafter.  It consists in a global 
minimization, in a least-squares sense, of the function F:  
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where u, v, w, are the components of the wind field at grid point (i,j); VT is the terminal 
particle fallspeed at grid point (i,j) evaluated from empirical relationships with pre-
interpolated radar reflectivity, subscript q defines the qth measurement of a total number nq 
that is observed from the pth radar and that falls inside an ellipsoid of influence centered on 
the grid point (i,j); N is the total number of nq’s over the considered domain; q is the 
Cressman weighting function depending on the distance between measurement q within the 
ellipsoid and the considered grid point; and np is the total number of radars covering grid 
point (i,j) (≥ 2). 

This term represents the optimal least-squares fit of the observed radial Doppler velocities to 
the derived wind component. The Cressman distance-dependent weighting function 
accounts for non-collocated data and grid point values, and allows the interpolation of the 
radar data onto the Cartesian grid of interest, in the data fit. In the current framework, the 
interpolation is performed using a fixed horizontal influence radius of the Cressman 
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reflectivity fields at a horizontal resolution of 2.5 km within a domain of approximately 1000 
x 1000 x 12 km3. This achievement, through the size of the retrieval domain, the number of 
Doppler radars (24) involved in the analysis, and the fact that retrieved three-dimensional 
winds rely exclusively on an operational infrastructure, represents an unprecedented 
breakthrough in operational applications of the Doppler information, which are so far 
generally limited to clutter filtering and Velocity Azimuth Display analysis (VAD, Browning 
and Wexler 1968). 

The present study aims at examining the technical requirements needed to achieve real-time 
operational multiple-Doppler analysis in an operational framework, as well as to evaluate 
the performance and usefulness of three-dimensional wind composite retrieved from 
operational radar systems. After a recall of the principle of dual-Doppler wind retrieval and 
a description of the French radar network characteristics winds retrieved in this operational 
framework are evaluated using outputs produced during various high impact weather 
events that recently occurred over mainland France. This includes the extratropical storm 
Klaus, already referred to as the storm of the decade by many European forecasters, which 
stroke France with hurricane strength winds on 24 January 2009, as well as a heavy 
orographic precipitation event that occurred over the Massif Central Mountains in 
September 2010. The potential value of these unique datasets for both operational and a 
research application is also discussed with emphasis on the upcoming HyMeX program.  

2. Wind retrieval 
2.1 Principle of dual-Doppler wind retrieval 

All current dual-Doppler analysis techniques originate from the seminal work of Armijo 
(1969) who demonstrates that it was possible to retrieve the three components of the wind 
field in precipitating area using i) the precipitation radial velocity data collected by 2 
Doppler radars, ii) the anelastic air mass continuity equation and iii) empirical 
relationships between radar reflectivity and precipitation fallspeed (Z-R relationships). 
Among the numerous methods based on Armijo’s methodology, three groups can be 
identified:  i) analytical approaches (e.g. Scialom and Lemaitre 1990), which aim at 
retrieving the wind field under its analytical form, ii) coplane techniques (Lhermitte and 
Miller 1970, Chong and Testud 1996), which allow resolving the wind field in a cylindrical 
space and, iii) Cartesian methods, which aim to resolve the wind field in a Cartesian space 
by the mean of an iterative process between the radial velocity equations and the 
continuity equation (Heymsfield  1978). Among those 3 families, the latter is the most 
computationally efficient and the easiest to implement, making it by far the most popular 
method with researchers.  

Despite its relative simplicity, the Cartesian method has nevertheless been an inexhaustible 
source of inspiration for radar scientists and led to more than 50 peer-reviewed publications 
over the last 30 years. Although highlighting a particular method among all available 
Cartesian techniques is difficult, one could mention the approaches proposed by Gamache 
(1995) – detailed information about this technique can be found in the appendix of Reasor et 
al. (2009) - Bousquet and Chong (1998) and Gao et al. (1999). All three techniques 
significantly improved the Cartesian approach by suppressing the iterative process 
traditionally associated with Cartesian retrieval algorithm (see below).  
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2.2 The MUSCAT analysis 

The wind retrieval technique used by the French Weather Service is the Multiple-Doppler 
Synthesis and Continuity Adjustment Technique (MUSCAT), which is a variational 
algorithm allowing for a simultaneous and computationally efficient solution of the three 
Cartesian wind components (u, υ, w). This method was originally proposed by Bousquet and 
Chong (1998) to overcome the drawbacks of iterative analysis techniques used to process 
data collected by airborne Doppler radars. It was later adapted to ground-based radars 
(Chong and Bousquet 2001) in order to analyze observations collected during the field phase 
of Mesoscale Alpine Programme (Bougeault et al. 2001) during which it was used in a semi-
operational mode to guide research aircrafts in the field (Chong et al., 2000). The MUSCAT 
algorithm has been used successfully for more than 10 years in order to synthesize data 
collected by ground-based and mobile research radars (e.g. Bousquet and Chong 2000, 
Georgis al. 2003, Bousquet and Smull 2006), and has even been applied to wind lidars 
(Drechsel et al. 2009).  In order to use this algorithm in an operational framework a 
modification of the initial MUSCAT formalism was proposed by Bousquet et al. (2008a) to 
take into account extensive radar separation distances prevailing in operational radar 
networks.  

The current form of the MUSCAT algorithm is given hereafter.  It consists in a global 
minimization, in a least-squares sense, of the function F:  
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where u, v, w, are the components of the wind field at grid point (i,j); VT is the terminal 
particle fallspeed at grid point (i,j) evaluated from empirical relationships with pre-
interpolated radar reflectivity, subscript q defines the qth measurement of a total number nq 
that is observed from the pth radar and that falls inside an ellipsoid of influence centered on 
the grid point (i,j); N is the total number of nq’s over the considered domain; q is the 
Cressman weighting function depending on the distance between measurement q within the 
ellipsoid and the considered grid point; and np is the total number of radars covering grid 
point (i,j) (≥ 2). 

This term represents the optimal least-squares fit of the observed radial Doppler velocities to 
the derived wind component. The Cressman distance-dependent weighting function 
accounts for non-collocated data and grid point values, and allows the interpolation of the 
radar data onto the Cartesian grid of interest, in the data fit. In the current framework, the 
interpolation is performed using a fixed horizontal influence radius of the Cressman 
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weighting function RH of 3 km and a variable vertical radius of influence RV that matches 
the beamwidth of ARAMIS radars.  

Term B is given by: 
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where  is the air density and 1 is a normalized weighting parameter that controls the 
relative importance of this term with respect to term A.  

This term represents the least-squares adjustment with respect to mass continuity. It is 
formulated for each individual grid box in terms of mass flux throughout the faces of the 
considered box, which allows solving the wind field over both flat and complex terrains 
(Chong and Cosma 2000). In this formalism the wind components estimated at the 
previously investigated plane are used as input values to solve the wind at the current level. 
In order to initialize the wind synthesis, horizontal components are assumed constant 
between the surface and the first plane for which the solution for the wind components is 
searched.  

Term C is given by: 
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where J is a differential operator based on 2nd and 3rd derivatives of the wind components 
[see Bousquet and Chong (1998) for the detailed expression of this term]. 

It is a constraint that acts as a low pass filter. Term C allows decreasing small-scale wind 
variations through the minimization of the second- and third order derivatives. It is 
controlled by a weighting factor 2, which is a function of the cutoff wavelength of the filter. 
In addition to provide more regular fields, this term is also essential to obtain an objective 
solution in regions of ill-conditioned analysis through realizing a regular extrapolation in 
these regions from surrounding properly conditioned areas.  

Finally, D is given by: 

 
22 2 2

3
( sin sin cos ) ( sin cos cos )( , ) i i i i i iu v u vD u v

x y
     


     

     
 (6) 

where 3 is given by: 

 4
3 cos m   (7) 

and m defines  the angle between the horizontal projection of the two radar beam axes.  

Term D is a constraint that is applied in regions covered by only 2 radars. It allows 
minimizing the variation of the cross-baseline component of the wind. Its effect is maximum 
close to the radar baseline and weak in properly conditioned areas (the reader is referred to 
Bousquet et al. 2008b for more details about this specific term).  
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According to Equations 3-6, the three-dimensional wind field reconstructed by MUSCAT 
represents a least squares fit to the available observations and does not perfectly satisfy the 
mass continuity equation. In order to obtain a wind field that truly verifies this equation, a 
posteriori upward integration is needed to limit the errors in the vertical component.  Many 
integration methods can be found in the literature to accomplish this last step. For 
operational applications the basic adjustment technique proposed by O’Brien (1970) was 
chosen. This method consists in adjusting the vertical velocity by forcing w to be zero at the 
bottom and top of any column and to linearly distribute the error throughout the column. 

3. Operational radar data 
3.1 Overview of the French radar network  

The French metropolitan operational radar network ARAMIS (Application Radar a la 
Météorologie Infra-Synoptique) is composed of 16 C-band and 8 S-band Doppler radars. 10 
of these radars are equipped with dual-polarization capabilities and we expect the network 
to be fully polarimetric by 2016. The ARAMIS network covers about 95 % of mainland 
France with radar baselines fluctuating from ~200 km in the northern part of the country to 
~ 60 km in Southeastern France (Fig. 1). It is composed of 5 different types of radars ranging 
from 25-year old facilities, with limited workload and scanning capabilities, to state of the 
art dual-polarimetric radar systems. All systems are however equipped with the same radar 
processor, which allows producing harmonized products despite different hardware 
characteristics. The French Weather Service, Météo-France, also operates 8 S-band Doppler 
radars overseas, as well as 2 “gap filling” polarimetric X-band radars in the French Alps. 
Those 10 additional radars are not considered in this paper.  

3.2 The triple PRT Doppler scheme 

Doppler capabilities have been introduced in 2002 in the frame of an 8-year upgrade program 
aiming to modernize the network and fill some gaps in the radar coverage. During this period, 
all radars have been progressively equipped with the triple pulse rise time (PRT) Doppler 
scheme proposed by Tabary et al. (2006). This scheme, which is based on the approach 
proposed by Zrnic and Mahapatra (1985), consists in operating the radars at different pulse 
repetition frequencies (PRF) in order to mitigate the effect of the “Doppler dilemma” ensuing 
from the inverse relationship between the unambiguous range and the unambiguous velocity 
(Doviak and Zrnic 1993).  The French scheme yields an extended Nyquist velocity of 60 m s−1 
up to a range of ~ 250 km. Its particularity lies in the fact that interleaved frequencies are rather 
low (379, 321, and 305 Hz). This allows this scheme to be indifferently implemented on old and 
new radars, but also to get rid of potential second trip returns.  

The capacity to retrieve multiple-Doppler winds in an operational framework directly arises 
from the mitigation of the Doppler dilemma.  Indeed, one of the main consequences of this 
long lasting issue is to limit operational Doppler measurements to short range (~ 100 km) so 
as to mitigate velocity ambiguities resulting from the aliasing of radial velocities outside of 
the Nyquist interval. Because operational Doppler radars are generally separated by 
hundreds of kilometers, this limitation in range dramatically impedes overlapping areas 
where airflow can be successfully reconstructed, and does not allow for adequate dual- or 
multiple-Doppler wind synthesis.  
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weighting function RH of 3 km and a variable vertical radius of influence RV that matches 
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According to Equations 3-6, the three-dimensional wind field reconstructed by MUSCAT 
represents a least squares fit to the available observations and does not perfectly satisfy the 
mass continuity equation. In order to obtain a wind field that truly verifies this equation, a 
posteriori upward integration is needed to limit the errors in the vertical component.  Many 
integration methods can be found in the literature to accomplish this last step. For 
operational applications the basic adjustment technique proposed by O’Brien (1970) was 
chosen. This method consists in adjusting the vertical velocity by forcing w to be zero at the 
bottom and top of any column and to linearly distribute the error throughout the column. 

3. Operational radar data 
3.1 Overview of the French radar network  

The French metropolitan operational radar network ARAMIS (Application Radar a la 
Météorologie Infra-Synoptique) is composed of 16 C-band and 8 S-band Doppler radars. 10 
of these radars are equipped with dual-polarization capabilities and we expect the network 
to be fully polarimetric by 2016. The ARAMIS network covers about 95 % of mainland 
France with radar baselines fluctuating from ~200 km in the northern part of the country to 
~ 60 km in Southeastern France (Fig. 1). It is composed of 5 different types of radars ranging 
from 25-year old facilities, with limited workload and scanning capabilities, to state of the 
art dual-polarimetric radar systems. All systems are however equipped with the same radar 
processor, which allows producing harmonized products despite different hardware 
characteristics. The French Weather Service, Météo-France, also operates 8 S-band Doppler 
radars overseas, as well as 2 “gap filling” polarimetric X-band radars in the French Alps. 
Those 10 additional radars are not considered in this paper.  

3.2 The triple PRT Doppler scheme 

Doppler capabilities have been introduced in 2002 in the frame of an 8-year upgrade program 
aiming to modernize the network and fill some gaps in the radar coverage. During this period, 
all radars have been progressively equipped with the triple pulse rise time (PRT) Doppler 
scheme proposed by Tabary et al. (2006). This scheme, which is based on the approach 
proposed by Zrnic and Mahapatra (1985), consists in operating the radars at different pulse 
repetition frequencies (PRF) in order to mitigate the effect of the “Doppler dilemma” ensuing 
from the inverse relationship between the unambiguous range and the unambiguous velocity 
(Doviak and Zrnic 1993).  The French scheme yields an extended Nyquist velocity of 60 m s−1 
up to a range of ~ 250 km. Its particularity lies in the fact that interleaved frequencies are rather 
low (379, 321, and 305 Hz). This allows this scheme to be indifferently implemented on old and 
new radars, but also to get rid of potential second trip returns.  

The capacity to retrieve multiple-Doppler winds in an operational framework directly arises 
from the mitigation of the Doppler dilemma.  Indeed, one of the main consequences of this 
long lasting issue is to limit operational Doppler measurements to short range (~ 100 km) so 
as to mitigate velocity ambiguities resulting from the aliasing of radial velocities outside of 
the Nyquist interval. Because operational Doppler radars are generally separated by 
hundreds of kilometers, this limitation in range dramatically impedes overlapping areas 
where airflow can be successfully reconstructed, and does not allow for adequate dual- or 
multiple-Doppler wind synthesis.  
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Fig. 1. Map of the French operational radar network ARAMIS.  The 100 km (50 km for X-
band) ranges of measurement associated with each radar are shown by circles. Green, 
purple and yellow colors correspond to C-, S-, and X-band radars, respectively. 

In France, the ability to measure Doppler velocities at long range allows for a significant 
dual- and multiple-Doppler coverage over a large part of the country. The resulting 
coverage is quite heterogeneous due to the principle of ground-based radar measurements 
and is slightly superior in southern France due to the higher network density in this region. 
Between a height of 2 and 10 km (Fig. 2a) ~ 90% of the country is covered by at least 2 radar 
systems. Multiple-Doppler coverage (3 radars or more) is maximized between 2.5 and 9 km 
altitude, where ~80% of the French territory being covered by at least 3 radars. The radar 
overlapping near the surface is however quite limited due to both extensive radar baselines 
and beam blocking by terrain.  The detailed maps of radar coverage at 2.5 and 5 km are 
shown in Fig. 2b-c.  
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Fig. 2. (a) Radar overlapping within mainland France as a function of height and detailed 
overlapping map at (b) 2.5 and (c) 5 km AMSL.   

3.3 Data processing  

Reflectivity and radial velocity observations collected by all (24) ARAMIS radars are 
concentrated at the national center, in Toulouse, and automatically processed every 15’. Data 
consist in Cartesian, 512 km x 512 km, 1 km² in resolution, sweeps of radar observations, which 
are already exploited for current operational applications such as VAD analysis, quantitative 
precipitation estimates (Tabary et al. 2011) or data assimilation (Montmerle and Faccani 2009). 
Spurious reflectivity echoes are removed by the mean of a threshold on the pulse-to-pulse 
fluctuation of the reflectivity based on the work of Sugier et al. (2002). A 5x5 km² median filter 
is then applied to radial velocity measurements to discard potential spurious velocities 
resulting from dealiasing failures (Tabary et al. 2006). Finally, data are synchronized with 
respect to the ending time of the 15’ sampling period to account for the non-simultaneity of the 
measurements following the approach of Tuttle and Foote (1990). Once pre-processed, data are 
ingested in the MUSCAT analysis described in Section 2.  

4. Examples of retrieved wind fields 
A qualitative evaluation of the multiple-Doppler winds reconstructed in this framework is 
provided through the analysis of radar data collected during various rain events that 
occurred over mainland France between 2008 and 2010. This includes the extratropical 
cyclone Klaus, which stroke France on 24 January 2009 with hurricane force gusts, and a 
number of orographic convective precipitation events that produced large amount of rain 
over the Massif Central Mountains.  

4.1 Extratropical cyclone “Klaus” 

4.1.1 Overview 

On 24 January 2009, an extratropical cyclone called “Klaus” made landfall over 
southwestern Europe with hurricane force gusts, causing widespread damage and many 
fatalities, especially across France and Spain. This event is considered the most intense 
storm affecting Western Europe since the infamous extratropical cyclones “Lothar” 
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measurements following the approach of Tuttle and Foote (1990). Once pre-processed, data are 
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number of orographic convective precipitation events that produced large amount of rain 
over the Massif Central Mountains.  
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On 24 January 2009, an extratropical cyclone called “Klaus” made landfall over 
southwestern Europe with hurricane force gusts, causing widespread damage and many 
fatalities, especially across France and Spain. This event is considered the most intense 
storm affecting Western Europe since the infamous extratropical cyclones “Lothar” 
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(Wernli et al., 2002) and “Martin” in 1999. The heaviest damages occurred in southern 
France where millions of homes and commercial properties experienced power cuts and 
heavy damages due to falling trees. In Northern Spain and Southwestern France some of 
the most productive European forests have been profoundly impacted by the storm and 
will likely take decades to recover. In the French Landes department for instance, one 
estimates that 70 % of the pine forest – this forest, the largest of this kind in Europe, was 
accounting for about one third of France's lumber production - has been completely 
wiped in just a few hours.   

 
Fig. 3. (a) Surface analysis and satellite imagery over Western Europe valid 24 January 2009 
at 6 UTC. The black square in (a) shows the area where wind retrieval is performed. 

Klaus formed west of the Azores islands on 23 January 2009 near 00 UTC and made landfall 
about 30 hours later after crossing the Atlantic Ocean at a mean speed of 27 m.s-1. The life 
cycle of this system approximately follows the conceptual model proposed by Shapiro and 
Keyser (SK, 1990). It is characterized by an explosive intensification period, during which 
the sea level pressure (SLP) at the cyclone center deepened by ~ 36 hPa in 24 hours, ending 
up with a warm seclusion phase and a rapid decay. The SLP minimum (964 hPa) was 
reached at 00 UTC, 24 January, as the low-level vortex was located ~ 400 kilometers off the 
French coasts. Klaus made landfall slightly before 6 UTC on 24 January near Bordeaux, 
France (Fig. 3) with a minimum pressure of ~ 967 hPa (Fig. 4). The corresponding surface 
analysis (Fig. 3a) shows a warm frontal zone to the North of the cyclone center and a cold 
front extending far southward across the Pyrenees and Northern Spain. According to 
satellite images (Fig. 3b) the storm was elongated in the west-east direction along the warm 
front, which is in good agreement with the SK model theory (Schultz et al. 1998). After 
landfall, the system progressed eastward at a mean speed of about 15 m.s-1 and reached Italy 
near 18UTC (Fig. 4). At this time the associated minimum pressure has already increased to 
988 hPa. Maximum surface winds occurred in a region located approximately 300 to 350 km 
south of the cyclone center, along a 100 km swath oriented in a direction almost parallel to 
the cyclone trajectory. In France, wind gusts peaked at ~ 184 km.h-1 near Opoul (Fig. 1), a 
value corresponding to category 3 hurricane winds on the Saffir-Simpson scale. The 
situation was even more impressive in Northern Spain where surface wind gusts over 200 
km.h-1 have been recorded at several locations.   

 
Retrieving High Resolution 3-D Wind Vector Fields from Operational Radar Networks 

 

213 

 
Fig. 4. Recorded maximum surface wind speed during the passage of Klaus over France. 
The trajectory and central pressure of the cyclone are also indicated.  

4.1.2 Radar-derived wind and reflectivity fields 

Observations collected between 03 and 9 UTC on 24 January 2009 are shown in Fig. 5  All 
radars performed nominally during this period with the exception of the Momuy radar, 
which was forced to cease operations near 05UTC due to heavy wind damages. Velocity 
data recorded just before the radar failure were in excess of 60 m.s-1 (216 km.h-1) at 2000m 
MSL and ~ 45 m.s-1 (160 km.h-1) close to the ground. Also note that the French radar 
network was not yet completely Doppler-ized at this time resulting in some gaps in the 
dual-Doppler radar coverage over northwestern and southern France.  
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Figure 5 presents horizontal cross-sections of wind and reflectivity fields over France at 2 
km MSL and different stages of the storm evolution.  At 3 UTC (Fig. 5a-b), a large part of the 
country was already affected by weak to moderate precipitation. The most intense rainfall 
occurred approximately 300-400 km in advance of the cyclone center along a SW-to-NE 
oriented rainband that marks the location of the cyclone associated cold front. Another area 
of intense precipitation associated with the cloud head (Browning 1999) could also be 
identified farther west. Both regions of intense precipitation were separated by an area of 
weaker precipitation associated with the dry intrusion identified in Fig.5a.   Relatively 
intense winds in the range of 25- 30 m.s-1 could already be observed in the southeastern 
France (east of the cold front) and within the cloud head.   

According to radar data, Klaus made landfall ~ 3 hours later near the city of Nantes (Fig. 
5c-d). The closed circulation associated with the cyclone center can be clearly identified in 
Fig 5c. The diameter of the vortex deduced from radar observations was about 350 km. 
Severe winds  reaching up to 50 m.s-1 have already penetrated deeply over land as seen by 
the patch of very intense winds located ~400 km of the cyclone center from each side of 
the dry slot. The location of this area of particularly strong winds is in good agreement 
with surface observations (Fig. 4). One can also notice the presence of several thin 
rainbands located to the west of the wind maximum, within the cloud head. This banded 
structure is consistent with that described by Browning (2004) and suggests the existence 
of multiple mesoscale slantwise circulations, which may have played an active role in 
strengthening the damaging winds (the investigation of processes at play during this 
event is outside the scope of this study). After landfall the patch of strong winds stretched 
out along a NW-SE axis more or less parallel to the orientation of the Pyrenees mountain 
chain and slowly progressed southeastward towards the Mediterranean coast. Strong 
winds remained active during the entire period. A wind maximum of up to 55 m.s-1 could 
be observed west of the Toulouse radar at 09UTC (x ~ 400 km, y ~ 200 km) in good 
agreement with surface observations (Fig. 4).    

As there is currently no way to collect wind measurements at the space-time resolution 
achieved by ground-based Doppler radars, the validation of such operational wind data is 
extremely difficult. In order to evaluate these results, we propose to compare retrieved radar 
winds with those analyzed by the French operational numerical weather prediction system 
ALADIN (Aire Limitée Adaptation Dynamique Développement International; Radnóti et al. 
1995). ALADIN is a limited area regional model that covers France and part of Western 
Europe at the horizontal resolution of 10 km. The comparison between radar-derived and 
analyzed horizontal winds at 1.5 km MSL at 6 UTC is shown in Fig. 7. Overall, the location 
of the cyclone center, the dimension of the vortex, and the intensity and direction of the 
winds at mid-level appear quite similar in both analyses. Some discrepancies can yet be seen 
along frontal boundaries (the wind shift associated with the cold front is for instance slightly 
more marked in the radar analysis) and to the North of the Massif Central Mountains, about 
500 km east of the cyclone center. In the latter area the model produces a pronounced zonal 
wind component that is apparently not resolved in the radar analysis. This pronounced 
southerly component was nevertheless missing in all 15’ analyses produced between 4 and 8 
UTC. Although no strong conclusions can be inferred from this observation, this temporal 
consistency of the wind field may plead for an error in the analysis rather than in the 
retrieved winds.   
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Fig. 5. 3-hourly multiple-Doppler analysis of radar data over France starting at 03 UTC on 24 
January 2009. Left panel shows reflectivity (dBZ) superimposed on horizontal wind vector 
at 2.5 km AMSL. Right panel shows horizontal wind speed (m/s). One every sixth vector is 
plotted. Frontal boundaries deduced from surface analysis are shown in (a) and (c). 
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Fig. 5. 3-hourly multiple-Doppler analysis of radar data over France starting at 03 UTC on 24 
January 2009. Left panel shows reflectivity (dBZ) superimposed on horizontal wind vector 
at 2.5 km AMSL. Right panel shows horizontal wind speed (m/s). One every sixth vector is 
plotted. Frontal boundaries deduced from surface analysis are shown in (a) and (c). 
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4.2 The 7 September 2010 “Cevenol” event 

100km

24 January 2009 – 0600 UTC – 1.5 km AMSL

 
Fig. 6. Comparison between ALADIN operational (blue) and radar-derived winds (red) at 
1500 AMSL on 24 January at 6 UTC. Black circles show area where the 2 analyses 
significantly differ. 

4.2.1 Overview 

During the fall season, the southeastern region of France is often affected by intense flash-
flooding episodes ensuing from the formation of quasi-stationary mesoscale 
convectivesystems along the south-eastern flank of the Massif Central Mountains (Cevennes 
region). These systems can generate considerable amount of precipitation in relatively short 
periods of time. A well-known example of such systems is the so called “Gard case” 
(Delrieu et al. 2005) during which ~ 800 mm of rain fell down in less than 24 hours over the 
French Gard department, resulting in many fatalities and total damage amount of about 1.2 
billion US dollars. Observing and understanding the dynamical and to some extent 
microphysical processes at play during these high impact weather events is critical to 
develop effective flood warnings systems and to improve their forecast. In the following we 
present examples of radar analyses produced during a heavy precipitation event that 
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occurred in the Nimes area on 7 September 2010. Although this storm did not generate 
major damage, it locally produced rainfall accumulation in excess of 300 mm in just a few 
hours.  

The 500 hPa analysis at 12 UTC, 7 September 2010 is shown in Fig. 7. Note that at this time 
convection over the Gard department has already started and was already well established. 
The upper level analysis indicates the presence of an upper-level cold low centered over the 
British Islands with an associated trough extending southward toward the Iberian 
Peninsula. This synoptic pattern generates a mid-to-upper level southwesterly flow over 
France and a low-level southerly flow over the Mediterranean Sea veering slightly south-
easterly near the French coast.  

The corresponding Deutscher Wetterdienst (DWD) low-level analysis (Fig. 8b) shows a 
surface low centered over Ireland and a main front extending meridionally through central 
France ahead of the trough which attained France on the 6 September (Fig. 8a). A secondary 
front can also be noticed a few hundred kilometers west of the main front, over the Atlantic 
Ocean.  The latter is associated with a low-pressure anomaly located slightly north of the 
Spanish coast. In the following hours (Fig. 8c-d), this front and its associated surface low 
propagated rapidly eastwards to ultimately catch up with the leading front.  The low 
surface pressure anomaly reached Western France by 18 UTC (Fig. 8c) and rapidly extended 
over a large part of the country (Fig. 8d). 
 

 
 

Fig. 7. Operational analysis of geopotential height at 500 hPa valid on 7 Sept 2010 at 12 UTC. 
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(a) 20100906 1200 UTC (b) 20100907 1200 UTC

(c) 20100907 1800 UTC (d) 20100908 0000 UTC

 
Fig. 8. DWD operational surface analyses valid at (a) 12 UTC 06 Sept 2010, (b) 12 UTC 07 
Sept 2010, (c) 18 UTC 07 Sept 2010, and (d) 00 UTC 08 Sept 2010. The red circle indicates the 
area where multiple-Doppler wind retrieval is performed. 

The 24-hour accumulated precipitation pattern (Fig. 9) shows a pronounced maximum of 
~300 mm over the Gard department. The maximum rainfall amount was recorded close to 
the foothills of the Massif Central in the city of Conqueyrac where 308 mm of precipitation 
felt in 7 hours. Significant rainfall also occurred over the Massif Central as indicated by a 
well-defined band of accumulated precipitation in the range of 75-150 mm. This pattern is 
consistent with the slow propagation of the leading surface front noticed in Fig. 8 and 
suggests that frontal perturbations have been slowed-down and possibly enhanced by the 
Massif Central Mountains.   
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4.2.2 Radar-derived wind and reflectivity fields 

Figure 10 presents multiple-Doppler analysis of radar data produced every 6 hours from 12 
UTC, Sept 6 to 00 UTC, Sept 8 at a height of 2.5 km (left panel) and 6 km (right panel). The 
composite reflectivity patterns (right panel) show extensive frontal rainbands propagating 
eastwards in good agreement with the surface analyses shown in Fig. 8. Starting from 18 
UTC, 6 September (Fig. 10c), one can notice the presence of widespread convective cells over 
southeastern France and northern Spain that seem to be triggered by the pronounced relief 
of the Pyrenees. These cells, which develop in a southwesterly midlevel level flow, are 
advected northeastwards towards the Massif Central Mountains before eventually 
aggregating into a stationary mesoscale convective system (MCS) along the flank of the 
mountains. The retrieved wind circulation at both 2.5 and 6 km altitude shows relatively 
uniform southwesterly wind, except near the Massif Central where the mid-level flow 
exhibits a more pronounced southerly component. This southerly flow, which tends to 
advect warm and moist air masses from the Mediterranean Sea toward the coast, impinges 
on the Massif Central Mountains and is responsible for the enhancement of convection over  

 
Fig. 9. 24-h accumulated precipitation (mm) over France starting at 00 UTC, 7 Sept 2010 
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Fig. 9. 24-h accumulated precipitation (mm) over France starting at 00 UTC, 7 Sept 2010 
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Fig. 10. 6-hourly multiple-Doppler analysis of radar data over France starting at 12 UTC on 6 
Sept 2010. Left panel shows reflectivity (dBZ) superimposed on horizontal wind vector at 2.5 
km AMSL. Righ panel shows vertical velocity (m/s) and horizontal wind vectors at 6 km 
AMSL. Vertical velocity values (m/s): dark green (w<-1) green (-1≤w<1), yellow (1≤w<2), 
orange (w≥2).  One every sixth vector is plotted. 

the Cevennes area. The convective activity in this region significantly intensified in the 
following 12 hours (Fig. 10e and g), as shown by radar reflectivity values increasing up to 55 
dBZ. During this period, the MCS also became more organized and developed a well-
defined stratiform region. At 12 UTC, 7 September, the MCS was absorbed by the frontal 
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Fig. 10. 6-hourly multiple-Doppler analysis of radar data over France starting at 12 UTC on 6 
Sept 2010. Left panel shows reflectivity (dBZ) superimposed on horizontal wind vector at 2.5 
km AMSL. Righ panel shows vertical velocity (m/s) and horizontal wind vectors at 6 km 
AMSL. Vertical velocity values (m/s): dark green (w<-1) green (-1≤w<1), yellow (1≤w<2), 
orange (w≥2).  One every sixth vector is plotted. 

the Cevennes area. The convective activity in this region significantly intensified in the 
following 12 hours (Fig. 10e and g), as shown by radar reflectivity values increasing up to 55 
dBZ. During this period, the MCS also became more organized and developed a well-
defined stratiform region. At 12 UTC, 7 September, the MCS was absorbed by the frontal 
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rainband associated with the cold front that had been moving across France for ~ 24 hours 
(Fig. 10i). The various interactions between air masses occurring during the merging process 
seemed to reinforce the convective activity along the southern flank of the Massif Central. 
The most intense convection was hence observed around 18 UTC (Fig. 10k).  

In order to better understand the processes at play in the Cevennes region, Fig. 11 presents a 
zoomed view of low and midlevel flow at 00 and 21 UTC, 7 September within a 400 x 400 
km2 domain centered on Nimes. At 00 UTC (Fig. 11c), the low-level flow impinging on the 
Massif Central was from the SE and was oriented in a direction almost perpendicular to the 
mountains. The maximum convection was observed slightly off the slopes. This is likely due 
to the presence of a cold pool below the system, which acted to displace the triggering effect 
of the mountains farther south (cold dome effect; Reeves and Lin 2005).  

 
Fig. 11. Multiple-Doppler analysis of radar data within a domain of 400 km x 400 km 
centered near Nimes, France valid at 00 UTC and 21 UTC, 7 Sept 2010.  Upper panels shows 
reflectivity (dBZ) superimposed on horizontal wind vector at 2.5 km AMSL. Lower panels 
shows panel shows reflectivity (dBZ) and horizontal wind vectors at 500m AMSL. Grey 
shading indicates Massif Central (left) and Alps (right) mountain chains. One every fourth 
vector is plotted. 
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At 21 UTC, one can note a profound reversal of the incident upslope-oriented flow, resulting 
in the formation of a northwesterly flow over the slopes of the Massif Central. Such 
pronounced return flow has already been observed over the Alps in the frame of the MAP 
experiment from airborne and mobile radar systems in response to negative buoyancy 
generated by both melting and evaporation of precipitation particles below the 0o C isotherm 
(Bousquet and Smull 2003, Steiner et al. 2003). The process generating the observed downslope 
flow by cooling from melting and evaporation of precipitation particles in the Massif Central is 
likely similar to that observed over the Alps in the late nineties. This is supported by the fact 
that stratiform precipitation lasted for several hours over the mountains before the formation 
of this downslope circulation (Fig. 10g,i,k). In this particular case, however, it seems that the 
downslope flow has had a strong impact on the convective activity by triggering new cells in 
the Rhone valley (Fig. 11d), whereas its effect was not found significant in previous studies.   

After the merging, the frontal system remained blocked over the Massif Central and the 
eastern part of France for about 12 hours during which another 100 mm of rain felt over the 
Cevennes area. It finally passed the Cevennes near 00 UTC, 8 September as it was swept 
away by another frontal system approaching from the West. At this time, the low surface 
pressure anomaly identified in Fig. 8c had reached the French territory and had started to 
extend over a large part of the country. The associated cyclonic circulation (Fig. 10m) was 
well captured by the French radar network.  

More information about the vertical structure of precipitation can be inferred from Fig. 12, 
which presents 6-hourly meridional cross-sections of the retrieved 3D composite reflectivity 
pattern along a 1000 km line ranging from the Golfe du Lion, in the Mediterranean Sea, to 
Belgium. These cross-sections provide a unique picture of the structure and evolution of 
precipitation over the entire country and can be very useful to quickly identify regions of 
intense rainfall, as well as to segregate between frontal and more convective precipitation. This 
time series, extending from 00 UTC to 18 UTC on 7 September, thus confirms that convection 
became significantly more intense after the frontal system reached the Massif Central 
Mountains. At 12 UTC (Fig. 12c) and 18 UTC (Fig. 12d) one can see that very deep convection 
was thus occurring over the Cevennes and the Rhone valley with convective cells reaching up 
to 35 dBZ at a height of 11 km.  

In addition to horizontal wind fields, the MUSCAT analysis used by the French weather 
service also allows to retrieve accurate vertical velocities in the whole precipitating area within 
the 1000 km x 1000 km domain of analysis.  Retrieved vertical motion fields at a height of 6 
km, which is the altitude at which maximum vertical motion was observed, are displayed in 
Fig. 10. Overall, one can note a very good consistency between the location/intensity of 
updrafts and the position of the most active convective cells (left panel). Upward vertical 
motions are the most intense after the MCS has merged with the frontal rainband that is the 
moment when low level convergence was the most important. This observation is consistent 
with the vertical structure of precipitation deduced from Fig. 12 that indicates the presence of 
deep convection and shows a particularly impressive vertical extension of the convective cells.  

During the Klaus storm, getting real-time or quasi real-time information about wind 
intensity would have been particularly useful to forecasters in order to trigger or cancel 
alerts, as well as to precisely monitor the propagation of the strong wind swath. On 
September 7 2010, a watch was ongoing for heavy precipitation and flash flood in the 
Cevennes area but forecasters were more interested in getting high resolution radar 
quantitative precipitation estimates in order to assess the hydrological risks.   
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Fig. 12. Vertical cross-section of radar reflectivity (dBZ) at x=700 km (Fig. 10) at (a) 00 UTC, 
(b) 6 UTC, (c) 12 UTC and (d) 18 UTC on 7 Sept 2010.  

Wind observations would nevertheless have been quite useful to anticipate the behavior of 
convective cells, especially in the Rhone valley where the intensity of the convection seemed 
directly related to the direction and strength of the wind. On the other hand, the benefit 
inferred from such products for research purposes is priceless. These wind fields could be 
used to develop new methods for model verification as well as more efficient nowcasting 
tools. Radar-derived wind information produced in a fully operational framework (i.e., in 
real time and automatically) could also be relied upon to evaluate numerical model output 
in real time (through identifying possible temporal or spatial phase shift in model output), 
as well as to build a weather database that would be used for statistical analysis purposes or 
more traditional case studies. Such capabilities, for instance, are at the heart of the upcoming 
HyMeX field phase, which will be held in Sept-Nov 2012.  
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4.3 20-22 October 2008 MCS Cevenol precipitation event  

The last example consists in an isolated MCS (Fig. 13a) that developed along the south-
eastern flank of the Massif Central Mountains on October 20th and remained stationary for 
about 15 hours. Again, this storm did not generate any significant damage, but it locally 
produced rainfall accumulation in excess of 250 mm in a just a few hours.  

 
Fig. 13. Stationary mesoscale convective system observed on 20 October 2008 at 14 UTC. 
(Left, top): French operational radar reflectivity mosaic output. (Right): Horizontal wind 
vectors superimposed on radar reflectivity (shaded) at 2.5 km MSL within the 200 km x 200 
km experimental domain, as derived from multiple-Doppler analysis of radar data. (Left, 
bottom): Associated retrieved vertical velocity. Triangles show the location of Nimes and 
Bollène radars. One every sixth vector is plotted. 

The retrieved wind and reflectivity fields associated with this MCS at 14 UTC are shown in 
Fig. 13b within a domain of 200 x 200 km centered between the Nimes and Bollene radars 
(black triangles) at a horizontal resolution of 1 km. Note that only 4 radars (Bollene, Nimes, 
Montclar and Collobrieres, see Fig. 1) are used in this analysis. This setup will be used to 
produce high resolution wind fields in real-time during the first phase of the HyMeX 
program in fall 2012.  Radar-derived wind and reflectivity fields will be used to guide both 
research aircraft and ground-based mobile radars systems towards the most interesting 
areas. Overall, the radar analysis shows a rather complex wind circulation resulting from 
the interactions between the incident flow originating from the Mediterranean Sea and the 
terrain. A region of strong convergence was observed near Nimes due to the interactions of 
westerly flow in the southern part of the massif with southerly-to-southwesterly flow to the 
east. As a consequence, strong convection could be observed in this region while more 
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Fig. 12. Vertical cross-section of radar reflectivity (dBZ) at x=700 km (Fig. 10) at (a) 00 UTC, 
(b) 6 UTC, (c) 12 UTC and (d) 18 UTC on 7 Sept 2010.  
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convective cells, especially in the Rhone valley where the intensity of the convection seemed 
directly related to the direction and strength of the wind. On the other hand, the benefit 
inferred from such products for research purposes is priceless. These wind fields could be 
used to develop new methods for model verification as well as more efficient nowcasting 
tools. Radar-derived wind information produced in a fully operational framework (i.e., in 
real time and automatically) could also be relied upon to evaluate numerical model output 
in real time (through identifying possible temporal or spatial phase shift in model output), 
as well as to build a weather database that would be used for statistical analysis purposes or 
more traditional case studies. Such capabilities, for instance, are at the heart of the upcoming 
HyMeX field phase, which will be held in Sept-Nov 2012.  
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program in fall 2012.  Radar-derived wind and reflectivity fields will be used to guide both 
research aircraft and ground-based mobile radars systems towards the most interesting 
areas. Overall, the radar analysis shows a rather complex wind circulation resulting from 
the interactions between the incident flow originating from the Mediterranean Sea and the 
terrain. A region of strong convergence was observed near Nimes due to the interactions of 
westerly flow in the southern part of the massif with southerly-to-southwesterly flow to the 
east. As a consequence, strong convection could be observed in this region while more 
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stratiform precipitation, associated with older cells, could be seen to the North. The vertical 
velocity field (Fig. 13, bottom right) in the convective region also shows intense updraft up 
to 8 m/s, which is consistent with observed reflectivity cores up to 60 dBZ. Note that 
retrieved vertical velocities were significantly higher than those retrieved within the 7 
September 2010 system due to the much higher horizontal resolution of the wind field (1 km 
vs. 2.5 km).  

A new precipitation event occurred over the same area the day after as a new stationary 
MCS formed at about the same location, along the southern flank of the Massif Central 
Mountains (Fig. 14). This time, however, the situation was quite different as a rainband 
associated with a southeastward propagating cold front merged with the isolated MCS at 
the end of the day and eventually swept it away.  In essence, this new event is thus 
relatively similar to the 7 Sept 2010 case described previously. Figure 15 shows the evolution 
of the MCS between 0 UTC and 8 UTC on the 22nd of October. This time series begins 
slightly after the frontal system reached the Massif Central. The location of the cold front can 
be identified by the wind shift seen at both low and mid-levels. Note that the strong low-
level southerly flow impinging on the barrier at 0 UTC quickly weakened as the front 
approached the eastern flank of the Massif, which acted to cut the feed of moisture 
originating from the Mediterranean Sea and prevented the formation of new convective 
cells. Convection over the area thus died very quickly and the MCS was rapidly swept away 
by the cold front. A major difference with the 2010 case is that the frontal system did not 
remain blocked over the relief and stratiform precipitation over the slopes thus only lasted 
for a short period of time. This is likely the reason why no reversal flow could be observed 
over the slopes of the Massif Central on this day as the cooling resulting from melting and 
evaporation of precipitation particles, which is responsible for the formation of the 
downslope flow, was not sufficient for this phenomenon to occur.  

 
 

 
 
 

Fig. 14. French operational radar reflectivity mosaic outputs on 21 October 2008 at 00, 12, 
and 23 UTC. Red circle indicate the location of the isolated MCS.  
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Fig. 15. Horizontal wind vectors superimposed on radar reflectivity (shaded) at 0.5 km (left 
panel) and 2.0 km (right panel) AMSL within a  200 km x 200 km experimental domain, as 
derived from multiple-Doppler analysis of radar data at (a,b) 00 UTC, (c,d) 04 UTC and  (e,f) 
08 UTC on 22 October 2008. One every sixth vector is plotted. 
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Fig. 15. Horizontal wind vectors superimposed on radar reflectivity (shaded) at 0.5 km (left 
panel) and 2.0 km (right panel) AMSL within a  200 km x 200 km experimental domain, as 
derived from multiple-Doppler analysis of radar data at (a,b) 00 UTC, (c,d) 04 UTC and  (e,f) 
08 UTC on 22 October 2008. One every sixth vector is plotted. 
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5. Conclusion 
The ability to collect Doppler measurements up to long range resulting from the recent 
deployment of a new triple-PRT scheme within the French radar network ARAMIS allows to 
mitigate the Doppler dilemma and to achieve extensive multiple-Doppler coverage while 
collecting high quality radial velocities. This achievement brings new perspectives in terms of 
exploitation of operational Doppler measurements such as the ability to perform multiple-
Doppler wind synthesis in a fully operational framework. In this context the French weather 
service has started to produce a new mosaic of wind and reflectivity covering the entire French 
territory. Reflectivity and radial velocity observations collected by the 24 ARAMIS radars, 
which are concentrated at the national center in Toulouse, are synthesized every 15’ to 
produce a nationwide, three dimensional, wind and reflectivity composite.  

An evaluation of multiple-Doppler wind fields synthesized in this framework was carried 
out from data collected during several weather situations characterized by fundamentally 
different airflow and precipitation regimes that is, the extratropical cyclone Klaus that stoke 
France with hurricane strength winds on 24 January 2009, as well as several heavy 
orographic precipitation events that occurred over the Massif Central Mountains in 2008 
and 2010. Airflows retrieved at different horizontal resolutions ranging from 2.5 to 1 km are 
highly consistent with those documented earlier from high resolution research radar data, 
which suggests that multiple-Doppler winds retrieved in this operational framework are 
definitely reliable.  Wind and reflectivity fields produced routinely in this framework are 
archived since about a year and are already available to researchers from many countries. 
This product will be used in a quasi-operational mode (real-time) to guide mobile research 
systems and evaluate numerical model outputs during the field phase of the 
Hydrometeorological Cycle in the Mediterranean Experiment (HyMeX) to be held in 
southern France in fall 2012. It should become fully operational near year 2013 after having 
been thoroughly evaluated by the forecasters of the French Weather Service. 
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1. Introduction 
Multiple Doppler radar analysis has been widely used to retrieve three-dimensional wind 
fields within thunderstorms and meso-scale convective systems (MCS) since the late 1960s. 
A number of countries have constructed dense operational radar networks, such as the 
Operational Programme for the Exchange of Weather Radar Information (OPERA; Köck et 
al., 2000), to monitor and forecast severe weather in metropolitan regions. Multiple Doppler 
radar analysis using such operational radar networks improves 1) understanding of the 
physical mechanisms behind heavy rainfall and severe wind, 2) detection and forecasting of 
hazardous weather phenomena, and 3) planning for mitigation of human and 
socioeconomic losses in metropolitan regions. 

Early single Doppler radar measurements provided a basic understanding of storm 
morphologies and their three-dimensional structures, including concepts for single-cell, 
multicell, and supercell storms (Browning, 1964, 1965). Single Doppler radar observations can 
only provide information on the radial component of wind (i.e., velocity which is directed 
toward or away from the radar), rather than the full three-dimensional structure. Armijo (1969) 
formulated a method that allowed the deduction of the three-dimensional wind structure by 
combining the data from several Doppler radars. Improvements in this multiple Doppler radar 
analysis method were reported during the 1970s and 1980s, including the design of optimal 
radar networks (Ray et al., 1979, 1983), the development of alternative analysis schemes for 
solving the mass continuity equation (Ray et al., 1980), and the introduction of floating 
boundary conditions (Chong & Testud, 1983). These improvements were primarily motivated 
by the need to overcome errors in the estimation of vertical velocity using upward integration 
of the mass continuity equation (Doviak et al., 1976). Errors in estimates of vertical velocity 
tend to amplify during such upward integration because of the stratification of density in the 
atmosphere (Doviak et al., 1976; Ray et al., 1980). Theoretical demonstrations indicate that 
downward integration of the mass continuity equation could yield more accurate estimates of 
vertical velocity than those that can be obtained from upward integration (Ray et al., 1980). 
Many subsequent studies have therefore applied downward integration schemes to determine 
the three-dimensional structure of winds within severe storms (Kessinger et al., 1987; 
Biggerstaff & Houze, 1991; Dowell & Bluestein, 1997). 
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Downward integration requires observations at the storm top; however, typical radar scan 
geometries are configured for operational monitoring of low-level precipitation and severe 
low-level wind phenomena (e.g., downburst and tornado). Such configurations do not often 
provide detailed observations of the storm top, where the vertical velocities may be 
significantly different from zero during storm development (Mewes & Shapiro, 2002). 
Several studies have used low pass filters, such as the Leise filter (Leise, 1981), to apply high 
wavenumber adjustments to the lower boundary conditions prior to upward integration of 
the mass continuity equation. Such adjustments reduce noise in estimates of upper-level 
winds (Parsons & Kropfli, 1990, Wakimoto et al., 2003). 

 One alternative is to apply the anelastic mass conservation equation as a weak constraint 
(Gao et al., 1999, hereafter G99; Gao et al., 2004, hereafter G04). This method is based on a 
three-dimensional variational approach, and removes the need to explicitly integrate the 
anelastic continuity equation. This prevents the accumulation of severe errors in the vertical 
velocity and ensures that uncertainties in the upper and lower boundary conditions do not 
propagate vertically. Furthermore, multiple Doppler radar analysis is usually performed in 
a Cartesian coordinate system; Doppler velocity data are often interpolated into this 
Cartesian coordinate system using a Cressman filter (Cressman, 1959). The scheme 
introduced by G99 bypasses this step by allowing reverse linear interpolation (from the 
regularly spaced Cartesian grid to the irregularly spaced radar observation points) during 
calculation of the cost function. This reverse interpolation procedure preserves the radial 
nature of radar observations; however, as noted above, operational radar networks are often 
incapable of providing dense observations, especially at upper levels. In such cases, the G99 
scheme requires accurate background information, such as sounding data, to fill in the data-
void regions between successive elevation angles. It is frequently difficult to obtain accurate 
background information in these cases, due in part to the coarse temporal resolution of 
sounding data. If spatially continuous Doppler velocity data could be obtained in Cartesian 
coordinates through the careful use of Cressman filters, accurate vertical velocity could be 
obtained from operational radar scans without the need for additional information. 
Otherwise, additional information regarding upper-level winds is necessary to reduce errors 
in estimates of vertical velocity near the storm top. 

This chapter presents a simplified version of the G99 scheme that applies a three-
dimensional variational approach on a regular Cartesian grid. The accuracy of calculated 
winds and the dependence of this accuracy on the density of upper-level radar 
observations are investigated using a set of idealized data sampled from a simulated 
supercell storm. A detailed description of the structure of this simulated supercell has 
been provided by Shimizu et al. (2008). The objective of this chapter is to propose an 
optimal method for analyzing severe thunderstorms using typical configurations of 
current operational radar data (less than 20 Plan Position Indicators, or PPIs, within 5–6 
minutes).  

2. Analysis method and variational scheme 
This section briefly reviews the variational scheme for multiple Doppler radar analysis; a 
detailed description has been provided by Gao et al. (1999). The variational technique 
minimizes a cost function (J), which is defined as the sum of squared errors due to 
discrepancies between observations and analyses and additional constraint terms: 
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where r is the distance between the radar and the grid point and x is the component of r in 
the x direction. 

After the cost function is evaluated and its gradients are obtained, a quasi-Newton-type 
optimization scheme is used to update the control variables. This analysis uses a limited-
memory Broyden–Fletcher–Goldfarb–Shanno (L–BFGS) method (Liu & Nocedal, 1989). For 
most meteorological applications, the L–BFGS method is more efficient than the conjugate 
gradient method (Navon & Legler, 1987). L–BFGS uses an approximation of the second-
order derivative, so that an iteration of the L–BFGS method typically requires less 
computation than an iteration of the CG method. L–BFGS is therefore a better choice for 
optimizing a computationally expensive cost function. 

3. Observational system simulation experiment and model description 
The performance of the variational technique is evaluated in the context of an observational 
system simulation experiment (OSSE). This OSSE is conducted using numerical simulations 
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After the cost function is evaluated and its gradients are obtained, a quasi-Newton-type 
optimization scheme is used to update the control variables. This analysis uses a limited-
memory Broyden–Fletcher–Goldfarb–Shanno (L–BFGS) method (Liu & Nocedal, 1989). For 
most meteorological applications, the L–BFGS method is more efficient than the conjugate 
gradient method (Navon & Legler, 1987). L–BFGS uses an approximation of the second-
order derivative, so that an iteration of the L–BFGS method typically requires less 
computation than an iteration of the CG method. L–BFGS is therefore a better choice for 
optimizing a computationally expensive cost function. 

3. Observational system simulation experiment and model description 
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of a supercell thunderstorm observed near Tokyo on 24 May 2000 (Shimizu et al., 2008). The 
numerical simulations are generated using the Cloud-Resolving Storm Simulator (CReSS; 
Tsuboki & Sakakibara, 2002). CReSS is a three-dimensional nonhydrostatic model. The 
microphysical and other parameterization schemes used in CReSS have been described in 
detail by Tsuboki & Sakakibara (2002). The model grid comprises 300 x 300 x 70 grid points, 
with grid intervals of 1 km in the horizontal directions. The vertical grid interval increases 
with height from 0.2 km near the surface to 0.37 km at the model top. The OSSE focuses on 
the three-dimensional distribution of wind within a 50 × 50 km domain around the 
simulated supercell at 1206 local standard time (LST), assuming that four Doppler radars are 
observing the storm (Fig. 1). 

 
Fig. 1. Four radar locations around a simulated supercell storm. The simulated winds are 
compared with those derived from radar observations within the shaded region (50 × 50 
km). The detection range of the radars is 70 km.  

Updrafts associated with the simulated storm reached approximately 12 km above sea level 
(ASL). The locations of the four radars are chosen so that the distance between each radar 
and the storm is approximately 30–40 km (the supercell is located in the center of the shaded 
domain shown in Fig. 1). High elevation angle (~20°) radar scans are required to observe the 
storm top. Figure 2 shows the heights of the simulated radar beams. Three different volume 
scan strategies are considered in this chapter. The first strategy assumes that one volume 
scan consists of 17 PPIs. This strategy corresponds to X-band radar surveillance of a 
thunderstorm with echo top below 10 km ASL during an interval of 5–6 minutes. The 
elevation angles used in this strategy are 0.7°, 1.2°, 1.7°, 2.2°, 2.8°, 3.3°, 3.9°, 4.7°, 5.6°, 6.5°, 
7.4°, 8.3°, 9.3°, 10.3°, 11.8°, 13.5°, and 15.6°. The second strategy adds three high elevation 
angles (16.7°, 17.8°, and 18.9°) to the previous volume scan (blue lines in Fig. 2). This 
strategy corresponds to a sector- or adaptive-scanning mode (Junyent et al., 2010) for a tall 
thunderstorm located near the radar. The third strategy adds nine additional high elevation 
angles (20.0°–32.0° spaced at 1.5° intervals) to the preceding volume scan (red lines in Fig. 2). 
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This corresponds to an ideal observing mode. The third scanning strategy appears to be 
impossible to implement at a rate of one volume scan every 5–6 minutes using current 
technology, but it may be possible using the high temporal resolution capabilities of next-
generation phased array radars (Heinselman & Torres, 2011). 

 
Fig. 2. Radar beam heights for the three analysed scanning strategies. Radar beam paths 
with elevation angles between 0.7° and 15.6° (17 PPIs) are shown as black lines, those with 
elevation angles between 16.7° and 18.9° are shown as blue lines, and those with elevation 
angles between 20.1° and 32° are shown as red lines. 

4. Results 
Figure 3 shows the mixing ratio of rain and the distribution of horizontal and vertical winds 
at an altitude of 4 km ASL. The Weak Echo Region (WER) within the strong updraft region 
was well simulated (the maximum updraft was 25 m s–1). These strong updrafts were fed by 
southeasterly inflow below 1.5 km ASL (data not shown). Northwesterly wind was 
dominant at 4 km ASL, and advected the area of heavy precipitation toward the southeast 
(Fig. 3). Three downdraft cores were simulated at 4 km ASL. The first of these was located in 
the heavy rain region to the east of updraft, and was associated with precipitation loading. 
The second downdraft core was located in the light rain region to the southeast of the 
updraft, and was related to the melting and sublimation cooling of ice-phase precipitation 
(Shimizu et al., 2008). The third downdraft core was located in the non-precipitating region to 
the south of the updraft, and was associated with compensation for the nearby strong updraft. 
The strong updraft, first downdraft, and second downdraft cores were also simulated at 2 km 
ASL (Fig. 4). The maximum updraft speed exceeded 18 m s–1 at 2 km ASL. Anticlockwise wind 
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rotation with a vertical vorticity of 0.08 s–1 was simulated along with this strong vertical 
velocity (Fig. 4). At 2 km ASL, the downdraft in the heavy precipitation region (maximum 
velocity –3 m s–1) covered a broad area to the northeast of the updraft at 2 km ASL. 

 
Fig. 3. CReSS model-simulated mixing ratio of rain at 4 km ASL. Updraft speeds are shown 
as solid contours with a contour interval of 5 m s–1. Downdraft speeds are shown as dashed 
contours with a contour interval of 1 m s–1. Winds are shown for all grid points where the 
vertically integrated mixing ratio of rain exceeded 0.0 kg kg–1. 

 
Fig. 4. CReSS model-simulated horizontal winds (vectors) and vertical velocity (shading) at 2 
km ASL. Solid contours indicate updrafts at 3 m s–1 contour intervals and downdrafts at 1 m s–1 
contour intervals. A vertical cross-section along the thick horizontal line is shown in Fig. 5. 
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Fig. 5. Vertical cross-section of CReSS model-simulated vertical velocity at y = 26 km in Fig. 
4. Contours are as in Fig. 4. Vectors indicate the speed and direction of wind flow along the 
vertical cross-section.  

Figure 5 shows a vertical cross-section of the simulated storm along the y = 26 km transect in 
Fig. 4. The strong updraft extended upward to 12 km ASL, with a maximum updraft speed 
of 24 m s–1 at 4 km ASL. Three downdraft cores flanked the strong updraft core. A weak 
compensating downdraft was located to the west of the strong updraft at approximately 6 
km ASL. A second strong downdraft (6 m s–1) formed at 8 km ASL, and was associated with 
a high graupel mixing ratio (data not shown). A third strong downdraft was simulated at 
heights above 11 km ASL in the non-precipitating region. This downdraft was likely related 
to gravity wave dynamics. 

Four pseudo-radars are assumed to observe this simulated three-dimensional wind field 
(the locations of these pseudo-radars are shown in Fig. 1). The wind components are 
bilinearly interpolated from the model grid to sampling locations along the radar beams. 
Radial velocity is calculated from the three wind components interpolated to each radar grid 
point. The maximum range of detection is set to 70 km for all four pseudo-radars, as shown 
in Fig. 1. Each radar sweep observes a total of 90 azimuthal angles, with a gate spacing of 
100 m and an azimuthal resolution of 1°. The radial velocities along each radar beam in the 
volume scan (see Fig. 2) are interpolated back onto the Cartesian coordinate system using a 
Cressman scheme with an influence radius R of 1.0 km. Some upper-level velocities will be 
lost because the highest elevation angle was less than 30° (Fig. 2). The robustness of the 
variational analysis method to noise is shown by adding random errors (mean 0 m s–1, 
variance 1 m2 s-2) to the radial velocities after interpolation back to the Cartesian coordinate 
system. 
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The accuracy of the multiple Doppler radar analysis is evaluated using root-mean-square 
errors in retrieved radial velocity (RMSE_VR) and vertical velocity (RMSE_W), defined as 
follows: 
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Average values of RMSE_VR and RMSE_W are computed at each vertical level after L–
BFGS optimization. Wtrue is the vertical velocity output by the CReSS model. N and N2 are 
the number of individual samples used to compute the averages at a given layer. 

The L–BFGS optimization scheme is able to successfully minimize the cost function. Figure 6 
shows the relationship between the value of the cost function and the number of iterations 
performed. The value of the cost function is effectively constant after 20 iterations. 

 
Fig. 6. Value of the cost function according to the number of iterations. 

The results of the variational multiple Doppler radar analysis using volume scans with 30 PPIs 
(experiment name: EL30) is shown in Fig. 7 and Fig. 8. Figure 7 shows that the EL30 
experimental setup successfully retrieves the strong updraft core shown in the original model 
output (Fig. 4). The EL30 results indicate a maximum updraft speed at 2 km ASL of 12 m s–1, 
and successfully reproduce the anticlockwise rotation at this level. The downdraft region 
located in the area of heavy precipitation to the east of the strong updraft is retrieved by EL30, 
although the size of this downdraft region is too small (Fig. 4). The horizontal wind field 
retrieved by EL30 is similar to the original model output (Fig. 4), but there are two major 
discrepancies in vertical velocity. First, the strength of the updraft speed at 2 km ASL is 
underestimated by 3 m s–1. Second, a spurious downdraft is identified to the southwest of the 
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strong updraft. The estimated northwesterly winds are much stronger in this spurious 
downdraft region than in the original model output (Fig. 4). This stronger northwesterly wind 
causes stronger divergence, which in turn induces the spurious strong downdraft. The strength 
of the enhanced northwesterly winds at 2 km ASL is similar to the strong northwesterly winds 
at 3–4 km ASL (cf. Fig. 2). Vertical smoothing of the radial velocity field by the Cressman 
interpolation procedure likely plays a major role in the erroneous vertical velocity field. Errors 
in radial velocity from vertical interpolation tend to occur near the boundaries of the storm, as 
shown in Fig. 7. This concentration of errors near the storm boundaries occurs because the 
number of radial velocity samples measured at neighboring grid cells is limited, so that the 
relative influence of radial velocities measured at distant grid cells grows. 

 
Fig. 7. Horizontal (vectors) and vertical wind velocity (shading) deduced by variational 
multiple Doppler radar analysis using 30 PPIs (EL30) at 2 km ASL. Solid contours indicate 
updrafts at 3 m s-1 contour intervals and downdrafts at 1 m s-1 contour intervals. The blue 
contour line outlines the region where the mixing ratio of rain exceeds 0.1 g kg-1. A vertical 
cross-section along the thick horizontal line is shown in Fig. 8. 

Figure 8 shows a vertical cross-section of the wind fields retrieved by EL30 along the y = 26 
km transect in Fig. 7. Compared with the original model output (Fig. 5), the strong updraft 
and downdraft cores in the heavy precipitation region (at 8 km ASL) and the downdraft 
core associated with gravity wave dynamics (at 11 km ASL) are well retrieved. The 
maximum retrieved updraft speed is 21 m s–1, and occurred at approximately 4 km ASL. The 
maximum retrieved downdraft speed is 7 m s–1. The maximum updraft speed was 
underestimated by 3 m s–1, while the maximum downdraft speed was overestimated by 1 m 
s–1. The speed of the downdraft associated with gravity wave dynamics was underestimated 
by 1 m s–1 relative to the original model output (Fig. 5). Several spurious updrafts and 
downdrafts can be identified in the EL30 retrieval, especially at 7–12 km ASL. Figure 7 and 
Fig. 8 indicate that the EL30 pseudo-radar configuration provides a good estimation of 
vertical velocity. Errors in the retrieved vertical velocity are uniformly less than 3 m s–1. 
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The accuracy of the multiple Doppler radar analysis is evaluated using root-mean-square 
errors in retrieved radial velocity (RMSE_VR) and vertical velocity (RMSE_W), defined as 
follows: 
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Average values of RMSE_VR and RMSE_W are computed at each vertical level after L–
BFGS optimization. Wtrue is the vertical velocity output by the CReSS model. N and N2 are 
the number of individual samples used to compute the averages at a given layer. 

The L–BFGS optimization scheme is able to successfully minimize the cost function. Figure 6 
shows the relationship between the value of the cost function and the number of iterations 
performed. The value of the cost function is effectively constant after 20 iterations. 

 
Fig. 6. Value of the cost function according to the number of iterations. 

The results of the variational multiple Doppler radar analysis using volume scans with 30 PPIs 
(experiment name: EL30) is shown in Fig. 7 and Fig. 8. Figure 7 shows that the EL30 
experimental setup successfully retrieves the strong updraft core shown in the original model 
output (Fig. 4). The EL30 results indicate a maximum updraft speed at 2 km ASL of 12 m s–1, 
and successfully reproduce the anticlockwise rotation at this level. The downdraft region 
located in the area of heavy precipitation to the east of the strong updraft is retrieved by EL30, 
although the size of this downdraft region is too small (Fig. 4). The horizontal wind field 
retrieved by EL30 is similar to the original model output (Fig. 4), but there are two major 
discrepancies in vertical velocity. First, the strength of the updraft speed at 2 km ASL is 
underestimated by 3 m s–1. Second, a spurious downdraft is identified to the southwest of the 
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strong updraft. The estimated northwesterly winds are much stronger in this spurious 
downdraft region than in the original model output (Fig. 4). This stronger northwesterly wind 
causes stronger divergence, which in turn induces the spurious strong downdraft. The strength 
of the enhanced northwesterly winds at 2 km ASL is similar to the strong northwesterly winds 
at 3–4 km ASL (cf. Fig. 2). Vertical smoothing of the radial velocity field by the Cressman 
interpolation procedure likely plays a major role in the erroneous vertical velocity field. Errors 
in radial velocity from vertical interpolation tend to occur near the boundaries of the storm, as 
shown in Fig. 7. This concentration of errors near the storm boundaries occurs because the 
number of radial velocity samples measured at neighboring grid cells is limited, so that the 
relative influence of radial velocities measured at distant grid cells grows. 

 
Fig. 7. Horizontal (vectors) and vertical wind velocity (shading) deduced by variational 
multiple Doppler radar analysis using 30 PPIs (EL30) at 2 km ASL. Solid contours indicate 
updrafts at 3 m s-1 contour intervals and downdrafts at 1 m s-1 contour intervals. The blue 
contour line outlines the region where the mixing ratio of rain exceeds 0.1 g kg-1. A vertical 
cross-section along the thick horizontal line is shown in Fig. 8. 

Figure 8 shows a vertical cross-section of the wind fields retrieved by EL30 along the y = 26 
km transect in Fig. 7. Compared with the original model output (Fig. 5), the strong updraft 
and downdraft cores in the heavy precipitation region (at 8 km ASL) and the downdraft 
core associated with gravity wave dynamics (at 11 km ASL) are well retrieved. The 
maximum retrieved updraft speed is 21 m s–1, and occurred at approximately 4 km ASL. The 
maximum retrieved downdraft speed is 7 m s–1. The maximum updraft speed was 
underestimated by 3 m s–1, while the maximum downdraft speed was overestimated by 1 m 
s–1. The speed of the downdraft associated with gravity wave dynamics was underestimated 
by 1 m s–1 relative to the original model output (Fig. 5). Several spurious updrafts and 
downdrafts can be identified in the EL30 retrieval, especially at 7–12 km ASL. Figure 7 and 
Fig. 8 indicate that the EL30 pseudo-radar configuration provides a good estimation of 
vertical velocity. Errors in the retrieved vertical velocity are uniformly less than 3 m s–1. 
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Fig. 8. Vertical cross-section of vertical velocity (shading) in EL30 at y = 26 km in Fig. 7.  
Contours are as in Fig. 5. 

 
Fig. 9. As in Fig. 8 but with radial velocity observations contaminated by random noise. 

As noted above, the use of the variational scheme removes the need to explicitly integrate 
the mass continuity equation, thus eradicating the vertical propagation of errors in the 
estimated wind field. Figure 9 shows the same vertical cross-section as in Fig. 8, but with 
random errors added to the input radial velocities. The distribution of retrieved vertical 
velocity is nearly identical in the cases with and without random errors. By contrast, the use 
of an upward integration scheme without random noise generates an erroneous vertical 
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velocity field (too strong), especially at upper levels (Fig. 10). The addition of random noise 
to the upward integration method exacerbated these errors (data not shown). 

These experiments reveal 1) that the variational approach provides more realistic estimates 
of vertical velocity than the upward integration method, and 2) that observational noise 
does not propagate upward when the variational method is used. These results have been 
obtained using a volume scan with 30 PPIs (experiment EL30). This choice of volume scan is 
currently unrealistic because it would take more than 10 minutes using typical current 
antenna rotation speeds (a few rotations per minute). For operational use, volume scans 
with 15–20 PPIs are realistic given the need for rapid updates (less than 400 seconds). Two 
further experiments are performed to mimic volume scan data with 20 PPIs (experiment 
name: EL20) and 17 PPIs (experiment name: EL17). The analysis method is the same for the 
EL20 and EL17 experiments as for the EL30 experiment. In EL20, the highest elevation angle 
is 18.9° (Fig. 2). A beam at this elevation angle reaches 14 km ASL 40 km away from radar. 
This is sufficient to ensure a valid upper boundary condition (w = 0) in this case, because the 
storm top is located at 12 km ASL. In EL17, however, the highest elevation angle is 15.7° 
(Fig. 2). This beam does not reach 12 km ASL within the detection range of the radar. 

 
Fig. 10. As in Fig. 8 but using an upward integration scheme. 

Figure 11 is the same as Fig. 8 but for EL20 rather than EL30. Vertical velocities retrieved by 
EL20 are similar to those retrieved by EL30 (Fig. 8) below 8 km ASL; however, the 
downdraft associated with gravity wave dynamics is not retrieved by EL20 because the 
pseudo-radar configuration does not observe that location. The maximum updraft was 20 m 
s–1, a 1 m s–1 underestimate of the EL30 retrieval. As with EL30 (Fig. 8), a spurious updraft 
and downdraft are retrieved near 8–12 km ASL to the west of the strong updraft (Fig. 11). 
The area of this spurious downdraft is larger in EL20 than in EL30. This implies that EL20 is 
not capable of fully observing the storm top, so that erroneous upper boundary conditions 
induced the spurious downdraft.  
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velocity field (too strong), especially at upper levels (Fig. 10). The addition of random noise 
to the upward integration method exacerbated these errors (data not shown). 

These experiments reveal 1) that the variational approach provides more realistic estimates 
of vertical velocity than the upward integration method, and 2) that observational noise 
does not propagate upward when the variational method is used. These results have been 
obtained using a volume scan with 30 PPIs (experiment EL30). This choice of volume scan is 
currently unrealistic because it would take more than 10 minutes using typical current 
antenna rotation speeds (a few rotations per minute). For operational use, volume scans 
with 15–20 PPIs are realistic given the need for rapid updates (less than 400 seconds). Two 
further experiments are performed to mimic volume scan data with 20 PPIs (experiment 
name: EL20) and 17 PPIs (experiment name: EL17). The analysis method is the same for the 
EL20 and EL17 experiments as for the EL30 experiment. In EL20, the highest elevation angle 
is 18.9° (Fig. 2). A beam at this elevation angle reaches 14 km ASL 40 km away from radar. 
This is sufficient to ensure a valid upper boundary condition (w = 0) in this case, because the 
storm top is located at 12 km ASL. In EL17, however, the highest elevation angle is 15.7° 
(Fig. 2). This beam does not reach 12 km ASL within the detection range of the radar. 

 
Fig. 10. As in Fig. 8 but using an upward integration scheme. 

Figure 11 is the same as Fig. 8 but for EL20 rather than EL30. Vertical velocities retrieved by 
EL20 are similar to those retrieved by EL30 (Fig. 8) below 8 km ASL; however, the 
downdraft associated with gravity wave dynamics is not retrieved by EL20 because the 
pseudo-radar configuration does not observe that location. The maximum updraft was 20 m 
s–1, a 1 m s–1 underestimate of the EL30 retrieval. As with EL30 (Fig. 8), a spurious updraft 
and downdraft are retrieved near 8–12 km ASL to the west of the strong updraft (Fig. 11). 
The area of this spurious downdraft is larger in EL20 than in EL30. This implies that EL20 is 
not capable of fully observing the storm top, so that erroneous upper boundary conditions 
induced the spurious downdraft.  
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Fig. 11. As in Fig. 8 but with a volume scan of 20 PPIs. 

Figure 12 is the same as Fig. 11 but for EL17 rather than EL20. The downdraft region 
associated with heavy precipitation to the east of the strong updraft is extended further 
downward in EL17. The maximum retrieved downdraft speed exceeds 9 m s–1, a 3 m s–1 
overestimate of the original model output (Fig. 5). These results indicate that even with the 
use of the variational approach, incomplete upper boundary conditions may lead to 
incorrect estimates of vertical velocity, especially near the storm top. 

 
Fig. 12. As in Fig. 8 but with a volume scan of 17 PPIs. 
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Figure 13 shows root-mean-square errors in radial velocity (RMSE_VR) for the three 
experiments (EL30, EL20, and EL17). The EL30 RMSE_VR (black line in Fig. 13) was the 
smallest among the three experiments. The EL20 (red line) and EL17 (blue line) RMSE_VR 
both increased with height, while the RMSE_VR for all three experiments was small below 5 
km ASL. The RMSE_VR and the root-mean-square error of the retrieved vertical velocity 
(RMSE_W) are closely related (Fig. 14). Differences in RMSE_W among the three 
experiments are relatively small below 5 km ASL and relatively large above 7 km ASL. 

  
Fig. 13. Vertical profile of RMSE_VR for the EL30 (black), EL20 (red), and EL17 (blue) 
scanning strategies. 

 
Fig. 14. Vertical profile of RMSE_W for the EL30 (black), EL20 (red), and EL17 (blue) 
scanning strategies. 
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Figure 13 shows root-mean-square errors in radial velocity (RMSE_VR) for the three 
experiments (EL30, EL20, and EL17). The EL30 RMSE_VR (black line in Fig. 13) was the 
smallest among the three experiments. The EL20 (red line) and EL17 (blue line) RMSE_VR 
both increased with height, while the RMSE_VR for all three experiments was small below 5 
km ASL. The RMSE_VR and the root-mean-square error of the retrieved vertical velocity 
(RMSE_W) are closely related (Fig. 14). Differences in RMSE_W among the three 
experiments are relatively small below 5 km ASL and relatively large above 7 km ASL. 
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For analyses of real thunderstorms the true value of vertical velocity is unknown, rendering 
the calculation of RMSE_W impossible; however, RMSE_VR can be calculated. Therefore, 
users could apply the variational multiple Doppler radar analysis approach to operational 
scans if the vertical profile of RMSE_VR is used to validate upper-level vertical velocities. 
The variational approach is a useful tool even for operational volume scans (less than 20 
PPIs) because accurate three-dimensional winds can be retrieved at lower levels without 
contamination from sampling error in upper level or uncertainty in the upper boundary 
condition. These errors do not propagate vertically under the variational approach. Future 
work should examine the dependence of the retrieved wind field on scan strategy using 
observational datasets generated from real radar networks. 

5. Conclusions 
This chapter has introduced a variational multiple Doppler radar analysis for retrieving 
three-dimensional wind fields in a severe thunderstorm. A simplified version of the 
method presented by Gao et al. (1999) has been used to investigate the dependence of 
retrieved vertical velocity on scan strategy. Three volume scan strategies have been 
considered in this chapter: 1) a typical operational volume scan (17 PPIs), 2) a dense 
operational volume scan (20 PPIs), and 3) an extremely dense volume scan (30 PPIs). The 
variational approach has notable advantages over the upward integration method, 
particularly the avoidance of error accumulation during the upward integration; however, 
incomplete observations of the upper boundary condition can cause errors in estimates of 
vertical velocity near the storm top even when the variational approach is used. Users 
should limit their use of upper-level wind retrievals according to the root-mean-square 
error of radial wind, as described in this chapter. The variational method provides 
accurate estimates of the three-dimensional wind field at lower altitudes regardless of the 
upper boundary conditions. The density of operational radar networks in metropolitan 
regions has been increased in recent years to better monitor and forecast severe weather. 
Together with this increase in operational radar network density, the variational analysis 
method presented in this chapter will provide new information on the three-dimensional 
structure of wind within thunderstorms, and advance understanding of the physical 
mechanisms underlying heavy rainfall and severe winds. 
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vertical velocity near the storm top even when the variational approach is used. Users 
should limit their use of upper-level wind retrievals according to the root-mean-square 
error of radial wind, as described in this chapter. The variational method provides 
accurate estimates of the three-dimensional wind field at lower altitudes regardless of the 
upper boundary conditions. The density of operational radar networks in metropolitan 
regions has been increased in recent years to better monitor and forecast severe weather. 
Together with this increase in operational radar network density, the variational analysis 
method presented in this chapter will provide new information on the three-dimensional 
structure of wind within thunderstorms, and advance understanding of the physical 
mechanisms underlying heavy rainfall and severe winds. 

6. Acknowledgment 
The author thanks Dr. K. Iwanami of the National Research Institute for Earth Science and 
Disaster Prevention (NIED) for providing useful suggestions regarding multiple Doppler 
radar analysis. The model simulation was conducted at NIED using an SGI Altix 4700. 

7. References 
Armijo L. (1969). A theory for the determination of wind and precipitation velocities with 

Doppler radars, J. Atmos. Sci., 26, 570-573 
Byre, H. R. & Braham, R. R. (1949). Thunderstorms, , U.S. Government Printing Office, 

Washington D. C., 287 pp, USA.  
Biggerstaff M. I. & R. A. Houze (1991). Kinematic and precipitation structure of the 10-11 

June 1985 squall line, Mon. Wea. Rev., 119, 3034-3065 

Multiple Doppler Radar Analysis for  
Retrieving the Three-Dimensional Wind Field Within Thunderstorms 

 

245 

Browning K. A. (1964). Airflow and precipitation trajectroies within severe local storms 
which travel to the right of the winds, J. Atmos. Sci., 21, 634-639 

Browning K. A. (1965). The evolution of tornadic storm, J. Atmos. Sci., 22, 664-668 
Chong M. J & J. Testud. (1983). Three-dimensinal wind field analysis from dual-Doppler 

radar data. Part III : the boundary condition : an optimal determination based on a 
variational concept, J. Climate Appl. Meteor., 22, 1227-1241 

Cressman G.(1959). An operatinal objective analysis system, Mon. Wea. Rev., 87, 367-374 
Doviak R. J. ; P. S. Ray ; R. G. Strauch & L. J. Miller (1976). Error estimation in wind fields 

derived from dual-Doppler radar measurement. J. Appl. Meteor., 15, 868-878   
Dowell D. C & H. B. Bluestein. (1997). The Arcadia, Oklahoma, storm of 17 May 1981 : 

Analysis of a supercell during tornadogenesis,  Mon. Wea. Rev., 125, 2562-2582 
Gao J. ; M. Xue ; A. Shapiro & K. K. Droegemeier (1999). A variational method for the 

analysis of three-dimensional wind fields from two Doppler radras, Mon. Wea. Rev., 
127, 2128-2142 

Gao J. ; M. Xue ; K. Brewster & K. K. Droegemeier (2004). A three-dimensional variational 
data analysis with recursive filter for Doppler radars, J. Atmos. Oceanic Technol., 21, 
457-469 

Heinselman P. L. & S. M. Torres (2011). High-temporal-resolution capabilities of the national 
weather radar Testbed phased-array radar. J. Appl. Meteor. Climatol., 50, 579-593  

Junyent F. ; V. Chandrasekar ; D. McLaughlin ; E. Insanic & N. Bharadwaj (2010). The CASA 
Integrated Project I : Network radar system, J. Atmos. Oceanic Technol, 27, 61-78 

Kessinger C. J. ; P. S. Ray & C. E. Hane (1987). The Oklahoma squall line of 19 May 1977. 
Part I : a multiple Doppler analysis of convective and stratiform structure, J. Atmos. 
Sci., 44, 2840-2865 

Köck K. ; T. Leitner ; W. L. Randeu ; M. Divjak & K. J. Schreiber (2000). OPERA: Operational 
Programme for the Exchange of Weather Radar information: First results and 
outlook for the future. Phys. Chem. Earth, 25B, 1147-1151    

Leise J. E. ; E. F. Blick & R. R. Bensch (1981). A multidimensional scale-telescoped filter and 
data extrapolation package, NOAA Tech. Memo ERL. WPL-82, Wave Propagation 
Laboratory, 20 pp 

Mewes J. J & A. Shapiro (2002). Use of the vorticity equation in dual-Doppler analysis of the 
vertical velocity field, J. Atmos. Oceanic Technol., 19,543-567 

Parsons D. B & R. A. Kropfli (1990). Dynamics and fine structure of a microburst, J. Atmos. 
Sci., 47, 1674-1692 

Ray P. S; K. W. Johnson & J. J. Stephens. (1979). Multiple Doppler network design, J. Appl. 
Meteor., 18, 706-710 

Ray P. S & K. L. Sangren. (1983). On multiple-Doppler radar network design, J. Climate. 
Appl. Meteor., 22, 1444-1453 

Ray P. S ;  C. L. Ziegler ; W. C. Bumgarner & R. J. Serafin. (1980). Single and multiple 
Doppler radar observations of tornadic storms, Mon. Wea. Rev., 108,1607-1625 

Shimizu S ;  H. Uyeda ; Q. Moteki ; T. Maesaka ; Y. Takaya ; K. Akaeda & M. Yoshizaki 
(2008). Structure and formation mechanism on the 24 May 2000 supercell-like storm 
developing in a moist environment over the Kanto Plain, Japan, Mon. Wea. Rev., 
136, 2389-2407 



Doppler Radar Observations –  
Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications 

 

246 

Wakimoto R. ;  M. Hane ; V. Murphey ; D. C. Dowell & H. B. Bluestein (2003). The 
Kellerville Tornado during VORTEX : Damage survey and Doppler radar analyses, 
Mon. Wea. Rev., 131, 2187-2221 

10 

New Observations by Wind Profiling Radars 
Masayuki K. Yamamoto 

Research Institute for Sustainable Humanosphere (RISH), Kyoto University,  
Japan 

1. Introduction 
Wind profiling radar, also referred to as “radar wind profiler”, “wind profiler”, and 
“clear-air Doppler radar”, is used to measure height profiles of vertical and horizontal 
winds in the troposphere. It receives signals scattered by radio refractive index 
irregularities (clear-air echo) and measures the Doppler shift of the scattered signals 
(Gage, 1990). Wind profiling radar measures wind velocities by steering its beam 
directions or using spaced receiving antennas (e.g., Larsen & Röttger 1989; May, 1990). 
The two methods are referred to as the Doppler beam swinging (DBS) technique and 
spaced antenna (SA) technique, respectively. Owing to its capability to measure wind 
velocities in the clear air with high height and time resolutions (typically a hundred to 
several hundreds of meters and less than several minutes, respectively), it is used for 
atmospheric research such as radio wave scattering, gravity waves, turbulence, 
temperature and humidity profiling, precipitation system, and stratosphere-troposphere 
exchange (STE) processes (Fukao, 2007; Hocking, 2011). Wind profiling radar is also 
utilized for monitoring wind variations routinely. In USA and Japan, a nationwide 
ultrahigh frequency (UHF) wind-profiling radar network is operated in order to provide 
upper-air wind data to numerical weather prediction (Ishihara et al., 2006; Stanley et al., 
2004). In Europe, Cost Wind Initiative for a Network Demonstration in Europe 
(CWINDE), now renamed as the Co-Ordinated Wind Profiler Network in Europe, is also 
operated (Met Office, 2011). 

For wind profiling radars, frequency range of 30-3000 MHz (i.e., very high frequency (VHF) 
and UHF bands) is generally used because the energy spectrum of atmospheric turbulence 
falls off rapidly with decreasing eddy size in the inertia subrange, and radar radio waves are 
scattered only from turbulent eddies at the Bragg scale (i.e., half the radar wavelength). For 
measurements from the ground to several thousand meters, UHF wind profiling radars are 
widely used because their small antenna size enables their easy installation and their quick 
switching time from transmission to reception is necessary for measurements near the 
ground. Such UHF wind profiling radars are referred to as the boundary layer radars. 
Because the minimum size of turbulent eddies increases exponentially with increasing 
altitude (e.g., Hocking, 1985), frequencies near 50 MHz are used for clear-air radars which 
measure the mesosphere, stratosphere and troposphere (MST radars) and those which 
measure the stratosphere and troposphere (ST radars). In the chapter, measurement results 
of VHF and UHF radars are presented. 



Doppler Radar Observations –  
Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications 

 

246 

Wakimoto R. ;  M. Hane ; V. Murphey ; D. C. Dowell & H. B. Bluestein (2003). The 
Kellerville Tornado during VORTEX : Damage survey and Doppler radar analyses, 
Mon. Wea. Rev., 131, 2187-2221 

10 

New Observations by Wind Profiling Radars 
Masayuki K. Yamamoto 

Research Institute for Sustainable Humanosphere (RISH), Kyoto University,  
Japan 

1. Introduction 
Wind profiling radar, also referred to as “radar wind profiler”, “wind profiler”, and 
“clear-air Doppler radar”, is used to measure height profiles of vertical and horizontal 
winds in the troposphere. It receives signals scattered by radio refractive index 
irregularities (clear-air echo) and measures the Doppler shift of the scattered signals 
(Gage, 1990). Wind profiling radar measures wind velocities by steering its beam 
directions or using spaced receiving antennas (e.g., Larsen & Röttger 1989; May, 1990). 
The two methods are referred to as the Doppler beam swinging (DBS) technique and 
spaced antenna (SA) technique, respectively. Owing to its capability to measure wind 
velocities in the clear air with high height and time resolutions (typically a hundred to 
several hundreds of meters and less than several minutes, respectively), it is used for 
atmospheric research such as radio wave scattering, gravity waves, turbulence, 
temperature and humidity profiling, precipitation system, and stratosphere-troposphere 
exchange (STE) processes (Fukao, 2007; Hocking, 2011). Wind profiling radar is also 
utilized for monitoring wind variations routinely. In USA and Japan, a nationwide 
ultrahigh frequency (UHF) wind-profiling radar network is operated in order to provide 
upper-air wind data to numerical weather prediction (Ishihara et al., 2006; Stanley et al., 
2004). In Europe, Cost Wind Initiative for a Network Demonstration in Europe 
(CWINDE), now renamed as the Co-Ordinated Wind Profiler Network in Europe, is also 
operated (Met Office, 2011). 

For wind profiling radars, frequency range of 30-3000 MHz (i.e., very high frequency (VHF) 
and UHF bands) is generally used because the energy spectrum of atmospheric turbulence 
falls off rapidly with decreasing eddy size in the inertia subrange, and radar radio waves are 
scattered only from turbulent eddies at the Bragg scale (i.e., half the radar wavelength). For 
measurements from the ground to several thousand meters, UHF wind profiling radars are 
widely used because their small antenna size enables their easy installation and their quick 
switching time from transmission to reception is necessary for measurements near the 
ground. Such UHF wind profiling radars are referred to as the boundary layer radars. 
Because the minimum size of turbulent eddies increases exponentially with increasing 
altitude (e.g., Hocking, 1985), frequencies near 50 MHz are used for clear-air radars which 
measure the mesosphere, stratosphere and troposphere (MST radars) and those which 
measure the stratosphere and troposphere (ST radars). In the chapter, measurement results 
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Recent development in radar interferometry techniques provides means for enhancing radar 
resolution and improving data quality. In radar interferometry, spaced receiver antennas are 
used to improve angular resolution, and multiple carrier frequencies are used to improve 
range resolution. The former is referred to as coherent radar imaging (CRI) or spatial 
domain interferometric imaging (SDI; Palmer et al., 1998; Hassenpflug et al., 2008), and the 
latter is referred to as range imaging (RIM; Palmer et al., 1999) or frequency-domain 
interferometric imaging (FII; Luce et al., 2001). Hereafter the abbreviations CRI and RIM are 
used. Though development of the radar interferometry technique have decades of history 
(Hocking, 2011), CRI and RIM, which have been intensively developed for the last decade, 
are presented in section 2. 

Wind profiling radars operated at approximately 50 MHz frequency (50-MHz wind 
profiling radars) are not sensitive for small-sized cloud particles. Therefore 50-MHz wind 
profiling radars are able to measure vertical and horizontal wind velocities in both the 
clear air and cloudy regions. Millimeter-wave radars, which use near 35-GHz or 95-GHz 
frequency (i.e., 8-mm or 3-mm wavelength) and hence are able to detect echoes scattered 
by small-sized cloud particles, are an indispensable means to measure microphysical 
properties of clouds (Kollias et al., 2007). Laser radars (lidars), which transmit laser light 
and receive echoes scattered by atmospheric molecules, aerosols, and hydrometeors, are 
useful to measure not only various physical quantities in the clear air but also particles 
and hydrometeors in the atmosphere (Wandinger, 2005). Recent measurements using 
collocated wind profiling radars and millimeter-wave radars/lidars have gained new 
insights of turbulence and cloud processes. The measurement results are presented in 
section 3. 

 
Fig. 1. Conceptual drawing of CRI. The blue-colored volume on the right shows the resolution 
without CRI (i.e., the angular resolution is determined by the antenna beam width), and the 
red-colored volumes show the angular resolution improvement attained by CRI. 

2. Imaging techniques to enhance radar resolutions 
Though development of the radar interferometry techniques have decades of history, 
CRI and RIM, which have been intensively developed for the last decade, are presented 
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in section 2.1 and 2.2, respectively. The readers are recommended to refer Hocking (2011) 
for the thorough development history of the radar interferometry techniques. Further 
applications aiming at advanced probing of the atmosphere are presented in section 2.3. 

2.1 Angular resolution enhancement using spaced receivers 

2.1.1 Signal processing 

Fig. 1. shows a conceptual drawing of CRI. In CRI, signals from the spaced receivers are 
synthesized with appropriate weights in order to steer the radar beam in certain directions 
with improved angular resolution. For CRI, the Capon method (Capon, 1969) is widely used 
because it satisfies both high angular resolution and simple calculation. Hereafter signal 
processing of CRI using the Capon method is described. The Capon method is described as 
the problem of finding optimal weights. The optimal weights used in order to calculate the 
weighted sum of signals which are received by the spaced receivers. s  denotes a set of 
signals associated with the N  spaced receivers at an arbitrary range gate and expressed by 

 T
1 2( ) ( ( ), ( ),..., ( ))Nt s t s t s ts , (1) 

where t  is the sampled time and T  is the transpose operator. w  denotes a set of weights 
for summation and is expressed by 

 T
1 2( , ,..., )Nw w ww . (2) 

The optimal weight vector is given by a solution that minimizes the resulting average power 
B . B  is expressed by  

 HB  w Rw , (3) 

where H represents the Hermitian operator (conjugate transpose) and R  is a covariance 
matrix given by 

 

11 22 1

21 22 2

2 2

N

N

N N NN

R R R
R R R

R R R

 
 
   
  
 

R




   


, (4) 

ijR  is a covariance between is  and js . The length of time used for calculating R  should be 

determined by considering the accuracy of covariance value and the time resolution. w  is 
constrained by the condition of constant gain to waves coming from the target volume, and 
the constraint is given by 

 H 1e w , (5) 

where 

 2 T( , , , )Nj j je e e   1k D k D k De  , (6) 
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k  represents the wavenumber vector of the focused direction with the zenith and azimuth 

angle of θ and , respectively ( 2 [sin sin ,sin cos ,cos ]     


k ), and the vectors which 

represent the center of each receiving receiver are denoted by mD  for the m th receiver. e  is 
referred to as the steering vector. The constrained minimization problem can be solved 
using the Lagrange method, and Palmer et al. (1998) describe details of solving the 
constrained minimization problem (see their appendix). As the solution of the constrained 
minimization problem, the optimal weight ( )Cw k  is given by 

 
1

H 1( )


C
R ew k

e R e
. (7) 

Using Equations (1) and (7), scalar output of the filter ( )y t  is given by 

 H( ) ( ) ( )y t t Cw k s . (8) 

By calculating the Doppler spectrum of ( )y t , brightness CB  (i.e., power density), radial 
Doppler velocity, and spectral width are able to be computed with improved angular 
resolution. CB  is able to be obtained without calculating Cw  and given by  

 C H 1
1( )B k

e R e
. (9) 

When the brightness at arbitrary Doppler velocity needs to be calculated, R is replaced by 
the cross-spectral matrix of the N receiver signals. Palmer et al. (1998) showed a clear 
difference in angular distribution of brightness between positive and negative Doppler 
velocities (see their Plate 2). Brightness at the arbitrary Doppler velocity of received data is 
also able to be calculated by applying band-pass filtering to s . 

In the Fourier-based method, in which all the signals from receivers were synthesized with 
equal weight, a weight vector F( )w k which steers the beam in the direction k  is given by 

 2 T
F( ) ( , , , )Nj j je e e   1k D k D k Dw k  . (10) 

Scalar output of the filter is calculated by replacing C( )w k  in Equation (8) with F( )w k . 

Other methods are able to be used for CRI. Details of multiple signal classification (MUSIC) 
method and maximum entropy method (MEM) are explained by Hélal et al. (2001) and Yu 
et al. (2000), respectively. For more general review of CRI, see Woodman (1997).  

There are factors that affect the performance of CRI. Using numerical simulation, effects of 
receiver noise and turbulence distribution were evaluated by Yu et al. (2000) and Cheong et 
al. (2004). Further, Yu et al. (2000) evaluated relation between CRI performance and receiver 
arrangement. Effects of uncertainty of receiver gain and phase were evaluated for the case of 
turbulent Eddy Profiler (TEP), which was developed by the University of Massachusetts in 
order to carry out CRI measurement in the boundary layer (Mead et al. 1998). 
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Fig. 2. Brightness distributions within ±4° from the center of beam direction at the altitudes 
from 1.4 km to 9.8 km (Palmer et al., 1998). Red color corresponds to highest brightness. 
Images on the left and right of each pair were obtained with the Fourier-based method and 
the Capon method, respectively. 

2.1.2 Measurement results 

An example of high-angle-resolution measurement using CRI is presented. Fig. 2 shows 
brightness distributions within ±4° from the center of beam direction measured by the Middle 
and Upper Atmosphere radar (MU radar). MU radar is a MST radar installed at Shigaraki MU 
Observatory, Japan (34.85°N, 136.10°E; Fukao et al., 1990). CRI successfully produces fine-scale 
angular distributions of backscattered clear-air echo power within the two-way half-power full 
beam width of 2.5°.  Such high angular resolution cannot be attained without CRI. It is noted 
that the Capon method exhibits better resolution than the Fourier-based method. Using data 
collected by a VHF radar installed at Tourris, France (43.08°N, 6.01°E), Hélal et al. (2001) 
showed a fine-scale angular distribution of backscattered clear-air echo power using the 
Capon and MUSIC methods. Chau and Woodman (2001) also showed the angular distribution 
using the Fourier-based method, Capon method, MEM, and the fitting technique. Using the 
characteristic that raindrop fall velocity is much greater than vertical wind velocity, Palmer et 
al (2005) demonstrated that fine-scale angular distributions of backscattered power from clear 
air and that from raindrops are able to be obtained separately. From a CRI measurement by 
TEP, Pollard et al. (2000) demonstrated that horizontal distribution of refractive index 
structure function is able to be measured. 
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Fig. 3. Altitude profile of Doppler spectra (a) before and (b) after applying clutter mitigation 
algorithm (Nishimura et al., 2010). Colors show the backscattered power in an arbitrary unit.  

CRI is also able to be used for clutter mitigation. Fig. 3 is an example of clutter mitigation. 
Measurement data were collected by the receiving antenna array of the Equatorial 
Atmosphere Radar (EAR), which were temporally installed for multistatic radar 
observations. The EAR is installed at West Sumatra, Indonesia and is operated with a center 
frequency of 47-MHz and peak output power of 100 kW (Fukao et al., 2003). Strong returns 
centered at 0 m s-1 in Fig. 3a are signals returned from the ground (i.e., ground clutter), and 
have to be removed in order to estimate spectral moments correctly. By applying the clutter 
mitigation algorithm developed by Nishimura et al (2010), the clutter signals are 
successfully removed (Fig. 3b). Nishimura et al. (2010) attained the clutter mitigation by 
combining the directional-constrained minimization of power with constrained norm 
(DCMP-CN; see Kamio et al. (2004) for details) and an algorithm that compensates 
electromagnetic coupling between antennas and the ground. The compensation was carried 
out because the electromagnetic coupling can cause a phase error of atmospheric echoes 
received by antenna arrays, and the phase error can lead to degradation of desired 
atmospheric echoes in the output of the adaptive clutter mitigation process. 

In the case shown by Nishimura et al. (2010), each antenna element has an identical antenna 
gain. When a high-gain antenna is used for transmission and reception of scattering from 
atmospheric targets, using auxiliary antennas which are used only for receiving ground 
clutters is effective for clutter mitigation. In order to realize clutter mitigation using the main 
antenna of the MU radar and auxiliary antennas, Kamio et al. (2004) modified the DCMP-
CN method. In the modified method, the weight of main antenna is kept to 1 in order to 
keep the main lobe pattern, and the weights of auxiliary antennas are optimized in order to 
minimize the received power from side lobes. 

 Moving biological targets like birds and insects can cause a large error of wind velocity 
measured by wind profiling radars (e.g., Vaughn, 1985; Wilczak et al., 1995). Using CRI, 
moving clutter is able to be suppressed. From the CRI measurement using TEP, Cheong et 
al. (2006) succeeded in separating clear-air echoes and the biological scattering which was 
moving in the grating-lobe region, and demonstrated that the separation of biological 
scattering greatly reduced the error of wind velocity estimates. Chen et al. (2007) also 
applied CRI to data measured by multiple antenna profiler radar (MAPR) of National 
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Center for Atmospheric Research (NCAR) in order to mitigate effects of bird contamination 
in wind velocity estimates. 

 
Fig. 4. Conceptual drawing of RIM. The blue-colored volume shows the resolution without 
RIM (i.e., range resolution is determined by the transmitted pulse width), and the red-
colored volume shows the range resolution improvement attained by RIM. 

2.2 Range resolution enhancement using multiple frequencies 

2.2.1 Signal processing 

Figure 4 shows a conceptual drawing of RIM. The width of range gate is determined by the 
sampling interval of analog-to-digital converter, and the range resolution without RIM is 
determined by the transmitted pulse width. In RIM, signals sampled from multiple 
frequencies are synthesized with appropriate weights in the subranges within a range gate. 
Using the synthesized signal, the first three spectral moments (brightness, Doppler velocity, 
and spectral width) at the subranges are estimated in order to attain range resolution 
improvement. Among various methods which can be used for RIM processing (Luce et al., 
2001; Palmer, et al., 1998; Smaϊni et al., 2002), the Capon method (Capon, 1969) is widely 
used because it satisfies both high range resolution and simple calculation. Hereafter signal 
processing of RIM using the Capon method is described. s  denotes a set of signals collected 
by N  carrier frequencies at an arbitrary range gate and is expressed by 

 T
1 2( ) ( ( ), ( ),..., ( ))Nt s t s t s ts . (11) 

Frequencies are switched on a pulse-to-pulse basis in order to maximize the correlation of 
signals sampled by different frequencies. Using numerical simulation, Palmer et al. (1999) 
showed that using 3 or more frequencies are required for RIM measurements. For field 
measurements, four or five frequencies are used typically (e.g., Fukao et al., 2011; Palmer et 
al., 2001; Yu & Brown, 2004). The optimal weight vector is given as a solution that minimizes 
the resulting average power rB . rB  is expressed by 

 H w RwrB , (12) 
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 T
1 2( ) ( ( ), ( ),..., ( ))Nt s t s t s ts . (11) 

Frequencies are switched on a pulse-to-pulse basis in order to maximize the correlation of 
signals sampled by different frequencies. Using numerical simulation, Palmer et al. (1999) 
showed that using 3 or more frequencies are required for RIM measurements. For field 
measurements, four or five frequencies are used typically (e.g., Fukao et al., 2011; Palmer et 
al., 2001; Yu & Brown, 2004). The optimal weight vector is given as a solution that minimizes 
the resulting average power rB . rB  is expressed by 

 H w RwrB , (12) 
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where w denotes a set of weights for summation as expressed by Equation (2) and R is a 
covariance matrix as expressed by Equation (4). w  is constrained by the condition of 
constant gain to waves coming from the target range, and the constraint is given by 

 H 1e w , (13) 

where e  is a range steering vector and given by 

 1 1 2 2(2 ) (2 ) (2 )( , , , )      e I I N I Nj k r j k r j k r Te e e   , (14) 

where mk  denotes the wavenumber of m th frequency, Ir  represents the range between the 
target and radar, and m is the initial phase of m  th frequency. 

Because m is determined not only by the total system delay throughout the transmitter and 
receiver chains but also by mk , the values of 1, … , N are different. Therefore the total system 
delay, from which the values of 1, … , N are computed, needs to be known in order to 
determine e  correctly. Chilson et al. (2004) and Palmer et al. (2001) measured the total system 
delay by leaking the transmitted signal back to the receiver through an ultrasonic delay line. In 
a practical manner, only the relative phase differences among the frequencies are necessary to 
correct the effects of system delay. Therefore, the correction is able to be attained by calculating 
the phase term of cross correlation between the two time series of received signals measured at 
different frequencies (Chen, 2004). Measurement results of phase correction using the clear-air 
echoes are shown by Chen et al. (2009, 2010) and Chen & Zecha (2009). 

The optimal weight rCw is given by 

 
1

H 1
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R ew

e R e
. (15) 

Using Equations (11) and (15), scalar output of the filter ( )y t  is given by 

 ( ) ( )Hy t t rCw s . (16) 

By calculating Doppler spectrum of ( )y t , brightness rCB  (i.e., power density) and other 
spectral parameters are able to be computed with improved range resolution. rCB  is given by  

 rC H 1
1B 

e R e
. (17) 

Brightness at arbitrary Doppler velocity is also able to be calculated in the same manner as 
described in section 2.1.1. 

Because of the limited width of transmitted pulse (i.e., wave form of transmitted pulse), 
received signal power within the range gate has range dependency (i.e., the received signal 
power decreases near the edge of range gate). Chen and Zecha (2009) proposed a practical 
method in order to correct the range weighting, and the correction results are also presented 
by Chen et al. (2009, 2010) and Chen & Zecha (2009). 
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 Recently, Le et al. (2010) proposed a technique that improves received signal power by 
exploiting the temporal correlation difference between the desired signal and system noise. 
Le et al. (2010) showed that the technique has better performance of radar echo production 
than RIM in the low SNR regions.  

2.2.2 Measurement results 

In order to demonstrate that RIM is useful for improving range resolution, measurement 
results are presented. Fig. 5 shows an example of RIM measurement. The brightness profiles 
were produced with 6-m range intervals by applying RIM to received signals measured 
with the 2-μs transmitted pulse and four transmitted frequencies (914.0, 914.33, 915.33, and 
916 MHz). The bandwidth of the RIM measurement was 2.5-MHz (2 MHz for the actual 
frequency spread and 0.5 MHz for the 2-μs transmitted pulse). During the experiment, the 
RIM measurement and single frequency measurement using the 0.5-μs transmitted pulse 
(i.e., corresponding to 75-m range resolution and 2-MHz bandwidth) were carried our 
alternatively. Although the frequency bandwidth difference between the two observation 
modes was as small as 500 kHz, it is clear that both the brightness produced by the Fourier-
based method and by the Capon method show finer height variations than the backscattered 
power measured with the 75-m range resolution. Further, it is clear that the Capon method 
attains finer range resolution than the Fourier-based method. By applying RIM to the same 
dataset, Chilson et al. (2004) produced Doppler velocity with 15-m range intervals and 
showed that the Doppler velocity produced by RIM agreed well with that measured with 
the 0.5-μs transmitted pulse. 

Fig. 6 shows an example of Kelvin-Helmholtz (KH) instability (i.e., shear instability) measured 
by the MU radar operated with a RIM observation mode (Fukao et al., 2011). The 
measurement was carried out using the new MU radar system upgraded in 2004 (Hassenpflug 
et al., 2008). Structure of KH billows is clearly seen in the brightness around 1.5 km from 00:35 
to 00:53 (Fig. 6a). The resemblance to the evolution of KH vortices measured in the laboratory 
experiment (Patterson et al., 2006) is striking. Vertical wind velocity shows perturbations with 
magnitudes of 1 m s-1 or more. Because accurate high-resolution vertical wind measurement is 
quite difficult for instruments other than clear-air Doppler radars (e.g., Fukao, 2007; Hocking 
2011), measurements by wind profiling radars are indispensable to understand turbulence 
processes in the atmosphere. RIM measurements have revealed a fine structure of KH billows 
in the jet stream in the mid-latitudes (Luce et al., 2008) and upper-tropospheric easterly jet in 
the tropical region (Mega et al., 2010). Fukao et al (2011) carried out a statistical analysis of KH 
billows in order to quantify their occurrence frequency, spatial scales, energy dissipation rate, 
and vertical eddy diffusivity. 

2.2.3 Advantage of range resolution enhancement using multiple frequencies 

In the section, advantages of RIM over other methods are described. Radar range resolution 
is determined by the transmitted pulse width, and ranges typically a hundred to several 
hundreds of meters. However, for UHF wind profilers, a range resolution down to 
approximately 30 m is able be attained by transmitting shorter pulses (e.g., Wilson et al., 
2005). Although the range resolution is able to be improved by transmitting shorter pulses, 
it requires not only wider bandwidth but also more transmitted power in order to keep the 
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receiver sensitivity constant. RIM also contributes to efficient usage of frequencies. Chilson 
et al. (2003) pointed out that for the RIM measurement shown in Fig. 5, the spurious 
intensity of frequency power spectrum of transmitted pulses was smaller than the 0.4-μs 
transmitted pulse width which also uses 2.5-MHz bandwidth (see their Fig. 2). RIM is 
especially useful for VHF wind profiling radars because their frequency bandwidth allowed 
by license and that determined by antenna are limited. 

 
©American Meteorological Society. Reprinted with permission. 

Fig. 5. Time-range plot of (top) brightness produced by the Fourier-based method, (center) 
brightness produced by the Capon method, and (bottom) backscattered power expressed in 
decibels (Chilson et al., 2003). The data was collected with the Platville 915-MHz 
tropospheric wind profiler. See text for details of the measurement. 

Pulse compression using frequency-modulated continuous wave (FMCW) is also useful for 
UHF clear-air radars to improve their range resolution down to several meters or less (Eaton 
et al., 1995; Richter, 1969). However, a use of the FMCW pulse compression causes 
deterioration in data quality by range aliasing and by range ambiguity caused by Doppler 
shift of scatterers. Though range resolution in RIM depends on range distribution of 
scatterers, signal-to-noise ratio, and signal processing method used for RIM (e.g., Palmer et 
al., 1999; Luce et al., 2001; Smaϊni et al., 2002), RIM does not suffer the drawbacks of using 
short transmitted pulse or FMCW pulse compression.  

RIM contributes to reduce amount of on-line data size and computational complexity. In the 
case shown in Fig. 5, although the on-line sampling interval of the RIM measurement was 2 
μs (i.e., 300-m range spacing), brightness data are able to be processed with finer (6-m) range 
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spacing by off-line signal processing. On the other hand, on-line sampling interval in cases 
of short pulse transmission must be equivalent or shorter compared with the range 
resolution determined by transmitted pulse width. On-line sampling interval in cases of 
FMCW transmission also must be equivalent or shorter compared with the range resolution 
determined by sweep range of transmitted frequency. 

 
Fig. 6. Time-altitude plots of (a) brightness and (b) vertical wind velocity. Data were 
collected using vertically-pointing beam of the MU radar operated with the RIM observation 
mode (Fukao et al., 2011). The region within the black rectangular is plotted in panel (b). The 
thick black contours in panel (b) show 46 dB brightness level. The figure is reproduced with 
permission from the Royal Meteorological Society. 

2.3 Further applications 

2.3.1 High-resolution measurement using both spaced antennas and multiple 
frequencies 

By using spaced receivers and multiple frequencies simultaneously, radar resolution is able 
to be improved both in angle and range, which leads to realize a three-dimensional (3-D) 
imaging. Signal processing procedures of the 3-D imaging are described by Yu & Palmer 
(2001). In 2004, the MU radar was upgraded for the 3-D imaging capability with 5 
frequencies across a 1 MHz bandwidth and 25 intermediate frequency (IF) digital receivers 
(Hassenpflug et al., 2008). Using the 3-D imaging with the Capon method, Hassenpflug et al. 
(2008) showed a 3-D structure of radar echoes associated with billows of KH instability. 
Chen et al. (2008) applied the 3-D imaging to data collected by the MU radar in order to 
investigate relations between the angular distribution of clear-air echo power and tilted 
refractive-index layers caused by KH instability. The 3-D imaging technique is also able to 
be used for clutter mitigation. Using the MU radar, Yu et al. (2010) showed that the 3-D 
imaging provides comparable or better performance of both echo layer reconstruction and 
clutter mitigation compared to RIM. 
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of short pulse transmission must be equivalent or shorter compared with the range 
resolution determined by transmitted pulse width. On-line sampling interval in cases of 
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Fig. 6. Time-altitude plots of (a) brightness and (b) vertical wind velocity. Data were 
collected using vertically-pointing beam of the MU radar operated with the RIM observation 
mode (Fukao et al., 2011). The region within the black rectangular is plotted in panel (b). The 
thick black contours in panel (b) show 46 dB brightness level. The figure is reproduced with 
permission from the Royal Meteorological Society. 
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imaging. Signal processing procedures of the 3-D imaging are described by Yu & Palmer 
(2001). In 2004, the MU radar was upgraded for the 3-D imaging capability with 5 
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The 3-D imaging technique is able to contribute to high-range-resolution wind 
measurement. Yu and Brown (2004) proposed a technique named RIM-SA that calculates 
wind velocity using both spaced antennas and multiple frequencies. In RIM-SA, first, RIM 
was separately applied to signals received by each of spaced antennas in order to produce 
high-range-resolution received signals. Next, SA technique was applied to the received 
signals produced by RIM in order to calculate horizontal wind velocity with high range 
resolution. Using data measured by MAPR, Yu and Brown (2004) produced profiles of 
horizontal wind velocity with 100-m intervals from a RIM-SA measurement using 2-μs 
transmitted pulse and four frequencies (914.667, 915.000, 916.000, and 916.667 MHz). Yu and 
Brown (2004) showed that the horizontal wind produced by RIM-SA agrees well with both 
wind velocity measured by a radiosonde and that measured by MAPR using the 0.67-μs 
transmitted pulse (i.e., 100-m range resolution). 

2.3.2 Assessment of wind velocity measurement 

Because DBS has been widely used for wind profiling radars, accuracy of wind velocity 
measured by DBS needs to be assessed. High resolution measurements using CRI  
and RIM provide the opportunity to assess the accuracy of wind velocity measured by 
DBS. 

Wind field inhomogeneity within the scanning area of radar beams is a significant factor 
that produces errors of wind velocity measured by DBS. Cheong et al. (2008) carried out CRI 
measurement using TEP in order to obtain radial Doppler velocities from 490 beam 
directions, and used the radial Doppler velocity data in order to estimate how the wind field 
inhomogeneity affects the error of wind velocity measured by DBS. Cheong et al. (2008) 
concluded that optimal zenith angle of off-vertical radar beams is approximately 9-10° for 
minimizing the root-mean square (RMS) error in wind velocity measured by DBS, and that 
increasing number of off-vertical radar beams significantly reduces the RMS error in wind 
velocity measured by DBS. 

Tilted refractive-index layers caused by KH instability deteriorate the measurement 
accuracy of vertical wind velocity because the tilted refractive-index layers cause 
contamination of horizontal wind velocity to the Doppler velocity of vertically-pointed 
radar beam, from which vertical wind is calculated in DBS (Muschinski, 1996; Yamamoto 
et al., 2003). Chen et al. (2008) applied the 3-D imaging to data collected by the MU radar 
in order to investigate relations between angular distribution of clear-air echo power and 
Doppler velocity measured by the vertically-pointed radar beam with improved range 
resolution. Chen et al. (2008) successfully showed the clear relation between the Doppler 
velocity bias measured by the vertically-pointed radar beam and the tilt of radar echo 
layers. 

Though multistatic radar technique is not CRI, it is useful for measuring 3-D distribution 
of wind velocities. By installing two receiver arrays at approximately 1 km away from 
the westward and southward of the main antenna of the EAR, Nishimura et al. (2006) 
and (2010) realized the multistatic radar measurement of wind velocities. Their 
measurement results revealed 3-D wind perturbations down to the horizontal scale of 
500 m. 
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2.3.3 High-resolution temperature measurement 

Radio acoustic sounding system (RASS) is a radar remote sensing system for measuring profiles 
of temperature1 with high time and height resolutions (e.g., May et al., 1990; Tsuda et al., 1989). 
RASS is also able to be used for monitoring humidity profiles (e.g., Furumoto et al., 2005; Tsuda 
et al., 2001). Using the MU radar, Furumoto et al. (2011) applied RIM to RASS measurement 
(RIM-RASS) in order to demonstrate that range resolution of temperature is improved down to 
approximately 60 m compared with the nominal range gate width of 150 m determined by the 
transmitted pulse width. Furumoto et al. (2011) pointed out that (1) sample time difference at an 
arbitrary range among data on different operational frequencies and (2) the Doppler shift bias 
due to the shape of range-gate weighting have to be corrected for RIM-RASS measurement, and 
developed an iteration algorithm that corrects (1) and (2). By applying CRI to temperature 
profiles measured by TEP with RASS, Dekker & Frasier (2004) retrieved virtual temperature 
structure function from horizontal distribution of temperature. The study by Dekker & Frasier 
(2004) indicates a usefulness of CRI to quantify turbulence intensity in the atmosphere. 

 
Fig. 7. Time-altitude plot of (a) equivalent radar reflectivity factor, (b) reflectivity-weighted 
particle fall velocity relative to the ground, (c) reflectivity-weighted particle fall velocity 
relative to the air, and (d) vertical wind velocity (Yamamoto et al., 2008). Equivalent radar 
reflectivity factor and reflectivity-weighted particle fall velocity relative to the ground were 
measured by a millimeter-wave radar. Vertical wind velocity was measured by the EAR. 
Horie et al. (2000) describe details of the millimeter-wave radar. 
                                                 
1To be exact, RASS measures a virtual temperature expressed by Tv=T(1+0.61q), where Tv , T, and q are 
virtual temperature in K, tempeature in K, and water vapor mixing ratio in kg kg-1, respectively. 
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particle fall velocity relative to the ground, (c) reflectivity-weighted particle fall velocity 
relative to the air, and (d) vertical wind velocity (Yamamoto et al., 2008). Equivalent radar 
reflectivity factor and reflectivity-weighted particle fall velocity relative to the ground were 
measured by a millimeter-wave radar. Vertical wind velocity was measured by the EAR. 
Horie et al. (2000) describe details of the millimeter-wave radar. 
                                                 
1To be exact, RASS measures a virtual temperature expressed by Tv=T(1+0.61q), where Tv , T, and q are 
virtual temperature in K, tempeature in K, and water vapor mixing ratio in kg kg-1, respectively. 
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3. Multi-instrument measurements 
Measurements using collocated wind profiling radar and millimeter-wave radar/lidar have 
been carried out in the last decade. In section 3, we focus on measurement results of vertical 
wind in and around clouds due to the following reasons. First, measurement of vertical 
wind in cloudy region with high resolution and accuracy is difficult by means other than 
wind profiling radars (e.g., Nishi et al., 2007). Though wind profiling radars measure only 
the area right above the radars, they are suitable for measuring wind motions with high 
time and vertical resolutions. Second, observations aiming at clarifying generation and 
maintenance mechanisms of clouds are indispensable. Clouds reflect a fraction of the solar 
radiation that would otherwise be absorbed at the Earth’s surface. On the other hand, clouds 
also contribute to the blocking of outgoing radiation by the atmosphere (Wallace and 
Hobbs, 2006). However, the effects of clouds on the radiation budget of the earth–
atmosphere system are not sufficiently quantified (Stephens, 2005). Measurements using 
collocated wind profiling radar and millimeter-wave radar/lidar provide an opportunity to 
observe dynamical and microphysical processes of clouds simultaneously. 

3.1 Particle fall velocity 

Fall velocity of cloud particles (hereafter particle fall velocity) is one of crucial factors that 
determine life time of clouds (e.g., Petch et al., 1997; Starr and Cox, 1985), and particle fall 
velocity relative to the air has been modeled in order to relate particle fall velocity to the size 
and shape of particles [e.g., Heymsfield & Iaquinta, 2000; Mitchell 1996; Mitchell and 
Heymsfield, 2005]. However, because fall velocity of cloud particles relative to the ground (i.e., 
a sum of particle fall velocity relative to the air and vertical wind velocity) is measured by 
millimeter-wave radars or lidars, measurement of vertical wind velocity is required to retrieve 
particle fall velocity relative to the air. Fig. 7 shows a measurement example. Reflectivity-
weighted particle fall velocity relative to the ground, which was measured by a millimeter-
wave radar, showed small-scale perturbations with a time scale less than several ten minutes 
(Fig. 7b). The small-scale perturbations were caused by vertical wind motions (Fig. 7d). By 
subtracting vertical wind velocity from the reflectivity-weighted particle fall velocity relative 
to the ground, reflectivity-weighted particle fall velocity relative to the air was retrieved (Fig. 
7c). The small-scale perturbations caused by the vertical wind motions were not observed in 
the retrieved reflectivity-weighted particle fall velocity relative to the air. The results clearly 
demonstrate that vertical wind measurement by wind profiling radar is useful for measuring 
particle fall velocity accurately. Retrieval of particle fall velocity leads to data analysis to clarify 
cloud properties. Using data shown by Figs. 7a and c, Yamamoto et al. (2008) related particle 
fall velocity to cloud particle size. The collected data were also used to assess an algorithm that 
retrieves vertical wind velocity, effective diameter of cloud particles, and ice water content 
from millimeter-wave radar and lidar measurements (Sato et al., 2009). Using the MU radar 
and an X-band Doppler weather radar (Yamamoto et al., 2011a), Luce et al. (2010a) showed a 
similar retrieval result of particle fall velocity (see their Fig. 15). 

3.2 Turbulence measurements in and around clouds 

Fig. 8 presents a measurement result around the cloud bottom. Cloud bottom altitude 
estimated by the equivalent radar reflectivity factor showed protuberance structure. Such 
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protuberances are referred to as mammatus cloud, whose generation mechanisms still remain 
to be discussed (Schultz et al., 2006). Brightness showed an increase around the cloud border 
due to the turbulence generation by KH instability. Vertical wind velocity showed oscillations 
exceeding ±3 m s-1 in magnitude due to KH instability, and played a role in producing 
protuberances of clouds through its downward motions. Luce et al. (2010a) suggested that the 
reduction of static stability at the interface between the clear air and cloud provided the 
favorable condition for triggering KH instabilities. Using the MU radar and a lidar (Behrendt 
et al., 2004), Luce et al. (2010b) also showed a correspondence between protuberances of clouds 
and vertical wind disturbances caused by atmospheric instability. Using the MU radar and a 
scanning millimeter-wave radar (Hamazu et al., 2003), Wada et al. (2005) showed a 3-D cell 
structure of cirrus clouds generated by KH instability, and the cell structures have greater 
vertical extension in the presence of upward vertical wind. 

 
Fig. 8. Time-altitude plot of (upper) brightness and (lower) vertical wind velocity measured 
by the vertical beam of the MU radar operated with the RIM measurement mode (Luce et 
al., 2010a). Thick black curve shows a contour of -6 dBZe equivalent radar reflectivity factor 
measured by a millimeter-wave radar. Numbers 1-6 shown in the upper panel indicate 
protuberances of clouds. Yamamoto et al. (2011b) describe details of the millimeter-wave 
radar. 
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Fig. 9 shows a measurement result around the cloud top. In the upper part of clouds, an 
increase of spectral width up to 0.5-0.7 m s-1, which indicates the presence of small-scale 
turbulence triggered by convective instabilities, is observed (Fig. 9c). Further, in the top part 
of clouds (0-500 m below the cloud tops), downward wind �up to 0.2–0.3 m s-1, which was 
caused by radiative cooling, was observed. For further discussion on the generation 
mechanism of turbulence, see Yamamoto et al. (2009a). From a case study using data 
measured by the MU radar and Raman/Mie lidar, Yamamoto et al. (2009b) showed a clear 
relation between the cloud-top altitude of mid-latitude cirrus and the bottom altitude of 
subtropical jet with high time and altitude resolutions (12 min and 150 m, respectively). 

 
Fig. 9. Time-altitude plots of (a) backscattered power measured by a 532-nm Mie lidar, and 
(b) vertical wind velocity and (c) spectral width measured by the vertical beam of the EAR 
(Yamamoto et al., 2009a). Thick black curves in each panel indicate cloud boundaries 
estimated by the lidar backscattered power. 

3.3 Other measurements 

Measurements using wind profiling radars and other instruments are not limited to cloud 
researches. Measurement results of stratosphere-troposphere exchange (STE) processes have 
been reported in the last decade. Using observation network of wind profiling radar and 
lidar, Bertin et al. (2001) showed details of turbulent generation above and below the jet axis 
associated with a tropopause folding in the middle latitude. Using measurement data 
collected by the MU radar and ozonesonde, Gavrilov et al. (2006) compared distribution of 
turbulent diffusivity with vertical ozone flux. It is well known that clear-air echo power 
showed a vertical increase around the tropopause due to the increase of static stability or 
turbulence intensity (see section 14 of Hocking, 2011). Using data collected by the intensive 
observation of wind profiling radars and ozonesonde at Canada, Hocking et al. (2007) 
showed that stratospheric ozone has impacts on tropospheric ozone by its downward 
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transportation to the ground, and demonstrated that tropopause altitude determined by 
wind profiling radar with high time resolution can be used to infer the possibility of ozone 
intrusions, as well as to represent tropopause motions in association with stratosphere–
troposphere transport. Using the EAR and radiosondes, Fujiwara et al. (2003) showed the 
turbulence generation around the tropical tropopause caused by the Kelvin wave breaking. 

Using results of RIM measurement by the MU radar and water vapor measurement by the 
Raman lidar (Behrendt, et al., 2004), Luce et al. (2010c) demonstrated that vertical gradient of 
humidity causes enhancement of backscattered intensity of radar echo by generating 
refractive index irregularities at the Bragg scale. Further coordinated observations would 
lead to clarify the radio scattering and propagation mechanisms in the clear air. 

4. Conclusion 
In the Chapter, new observations by wind profiling radars in the last decade were reviewed. 
In section 2, the signal processing and measurement results of radar interferometry 
techniques (CRI and RIM) were described. Resolution enhancements attained by CRI and 
RIM will be useful not only for scientific researches aiming at clarifying atmospheric 
processes but also practical radar utilization through improvement in data quality (i.e., 
clutter mitigation) and early detection of turbulence associated with storm or wind shear. 
Further assessments aiming at quantifying their usefulness under various weather 
conditions are desirable. 

In section 3, it was demonstrated that multi-instrument measurement using wind profiling 
radar and millimeter-wave radar/lidar is useful to clarify phenomena related to cloud 
processes. In order to clarify interactions among dynamics, cloud physics, and radiation, 
simultaneous remote sensing and in-situ measurements are highly desirable. In-situ 
measurements of cloud particles, temperature, humidity, and radiation using balloons 
and/or aircrafts will contribute to quantify phenomena measured by wind profiling radar, 
millimeter-wave radar, and lidar. Numerical simulation is also important to assess the 
interactions. The author hopes that efforts to realize further coordinated studies are 
executed continuously. 
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1. Introduction 
The principle of operation of radar and lidar is similar in that pulses of energy at 
wavelengths ranging from millimetres to metres for radar and 0.5 to 10 microns for lidar are 
transmitted into the atmosphere; the energy scattered back to the transceiver is collected and 
measured as a time-resolved signal. From the time delay between each outgoing transmitted 
pulse and the backscattered signal, the distance to the scatterer is inferred. The radial or line-
of-sight velocity of the scatterers is determined from the Doppler frequency shift of the 
backscattered radiation. The systems use a heterodyne detection technique in which the 
return signal is mixed with a reference beam (i.e. local oscillator) of known frequency. A 
signal processing computer then determines the Doppler frequency shift from the spectra of 
the heterodyne signal. The energy content of the Doppler spectra can also be used to 
determine boundary layer eddy characteristics. 

2. Characteristics of radar 
The atmospheric boundary layer has been studied using weather radar extensively over the 
last forty years or so, such that networks of radars comprise systems sometimes  operating  
unmanned in remote locations (see for example Atlas, 1990). Doppler radar operating at X, 
C or S-band (3cm, 5cm and 10cm wavelength respectively) has provided the opportunity to 
measure the reflectivity of target hydrometeors and the three dimensional wind structure of 
the lower parts of the atmosphere inferred from their motion (see for example Doviak and 
Zrnic, 1984). Typical parameters for a C-band radar are listed in Table 1. In addition, high 
power radar systems, such as the Oklahoma University Polarimetric radar for Innovations 
in Meteorology and Engineering (OU-PRIME) which operates at C-band and has a peak 
power of 1000 kW and a beamwidth of 0.45 degree (Palmer et al., 2011), provide information 
on the clear air structure of wind fields, and sometimes lower power systems may do the 
same at close range to the radar site. The detailed principle of operation has been described 
elsewhere in this book. 

Millimetre-wave cloud radars exploit the fact that the echo intensity of Rayleigh scatterers 
increases with the inverse fourth power of the wavelength. These radars normally operate at 
35 GHz and 94 GHz. UHF and VHF Doppler radar systems measure both wind speed and 
direction by detecting small irregularities in back scattered signals due to refractive index 
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inhomogeneities caused by turbulence. In the lower troposphere the refractive index 
inhomogeneities are mainly produced by humidity fluctuations. The clear air Doppler shift 
provides a direct measurement of the mean radial velocity along the radar beam. Typically a 
UHF wind profiler operates at 1290 MHz or 915 MHz with a peak power of 3.5 kW and a 
beamwidth of 8.5 degrees.  
 

Wavelength / frequency 5 cm (C-band) / 5430-5800 MHz 
Pulse repetition frequency 250-1200 Hz selectable 
Bandwidth      single PRF 
                         dual PRF 

± 15.9 m s-1 
± 63.8 m s-1 

Sampling frequency - IF 60 MHz 
Peak power 250 kW 
Minimum Detectable Signal -111 dBm 
Beamwidth 1 degree 
Down range resolution/ 
Maximum range 

75 m 
200 km 

Transmitter type Coaxial magnetron 

Table 1. Typical parameters of a C-band radar (from Selex Gematronik) 

Generally radars used for weather forecasting other than wind profilers have a resolution of 
about 100 m with an antenna having a diameter of about 4 m. Some research radars, such as 
the Chilbolton radar in the UK, provide measurements with a resolution at 100 km range 
using a 0.25 degree beamwidth (25 m diameter antenna) of 0.4 km. These resolutions 
certainly improve our understanding of the structure and behaviour of boundary layer 
phenomena, and examples will be described in this chapter. Nevertheless, boundary layer 
turbulent eddies may exist with characteristic length scales from tens of metres to fractions 
of a metre close to the ground. Such length scales require different instrumentation. Doppler 
lidar is an instrument providing high resolution, clear air measurements with resolutions of 
around 30 m, albeit over much shorter ranges than available from radar systems. 

3. Characteristics of lidar 
Lidar has been developed which operate in various atmospheric windows, namely the 10, 2, 
1.5 and 1 micron spectral regions. Hardesty et al. (1992) compared the transmission, 
backscatter, refractive turbulence and Doppler estimation characteristics of a 2 and a 10 
micron Doppler lidar system. Whilst backscatter at 2 microns in the free atmosphere is 4-10 
times higher than for a 10 micron Doppler lidar, the effects of turbulence on the 2 micron 
system beyond a few kilometres range are significant, with the signal to noise ratio being 
reduced by about 6 dB at 5 km range.  However, early equipment operated with CO2 lasers 
at 10.6 micron wavelength, but involved delicate optical systems (Post and Cupp, 1990; 
Mayor et al., 1997; Pearson and Collier, 1999). The advent of fibre optic technology has 
enabled  compact, robust equipment to be developed and operated remotely at wavelengths 
of 1.5 microns (Pearson et al., 2002, 2009). Table 2 shows the parameters of this type of 
Doppler lidar. The range resolution of 30 m is considerably smaller than that used in CO2 
lidars of about 112 m. 
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Wavelength 1.5 μm 
Pulse repetition rate 20 kHz 
Bandwidth ± 14 m s-1 

Sampling frequency 30 MHz 
Points per range gate 6 
Number of pulses averaged 20 000 
Δr 18 m 
Δp 30 m 
Averaging time 1 s 

Table 2. Parameters of 1.5 micron Doppler lidar. Range gate parameters:  Δr relates to pulse 
length and Δp is the down range extent of the range gate used in the signal processing (from 
Pearson et al., 2009). 

4. Advantages and disadvantages of radar and lidar 
Both radars and lidars have advantages and disadvantages, and in this chapter a review of 
the accuracy with which measurements of boundary layer winds from both instruments is 
given. However both instruments offer complimentary information. Lidar backscatter is 
from widely dispersed aerosol particles in the clear air, but their concentration decreases 
away from the surface. Although thin clouds also provide backscatter, hydrometeors 
strongly attenuate the lidar signal. Radar backscatter is generally from hydrometeors, and 
therefore the operating range is much greater than that of lidar although this depends upon 
the wavelength used as short wavelength signals are attenuated. 

Topography strongly controls the flux of momentum and energy between the terrain surface 
and the boundary layer. In-situ instruments have minimum spatial coverage, and radar 
cannot make measurements very close to the ground due to beam side lobes which produce 
ground clutter. With beamwidths of 0.1-1 m. rad., lidar transverse resolution is 20-200 times 
finer than the one degree (17.5 m. rad.) of weather radars (Drechsel et al., 2009). Lidar 
provides wide area coverage, although not as extensive as radar, but does not suffer from 
ground clutter problems. Hence lidar offers the opportunity to improve our knowledge of 
flow over complex terrain close to the ground surface (Barkwith and Collier, 2011). 
However radar can provide detailed information in the boundary layer over very wide 
areas, particularly related to the development of convective systems.  

5. Wind profiling 
5.1 Single instrument measurements 

Measurements of the vertical profile of wind may be made using Doppler lidar and both 
weather radars and UHF / VHF profilers. There are two modes that can be utilised for this. 
The beam can be scanned in a cone at fixed elevation and the resulting data fitted to a sine 
wave. This is known as the velocity-azimuth display (VAD) approach as described by 
Browning and Wexler (1968). This has been the preferred technique for radar systems 
although it has also been used with lidar systems. An alternative approach uses three fixed 
line of sights from which a vector analysis provides the three components of the wind (u, v 
and w) as described by Werner (2005).  
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Pulse repetition frequency 250-1200 Hz selectable 
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                         dual PRF 
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± 63.8 m s-1 
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Down range resolution/ 
Maximum range 
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Table 1. Typical parameters of a C-band radar (from Selex Gematronik) 

Generally radars used for weather forecasting other than wind profilers have a resolution of 
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system beyond a few kilometres range are significant, with the signal to noise ratio being 
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at 10.6 micron wavelength, but involved delicate optical systems (Post and Cupp, 1990; 
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Wavelength 1.5 μm 
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Topography strongly controls the flux of momentum and energy between the terrain surface 
and the boundary layer. In-situ instruments have minimum spatial coverage, and radar 
cannot make measurements very close to the ground due to beam side lobes which produce 
ground clutter. With beamwidths of 0.1-1 m. rad., lidar transverse resolution is 20-200 times 
finer than the one degree (17.5 m. rad.) of weather radars (Drechsel et al., 2009). Lidar 
provides wide area coverage, although not as extensive as radar, but does not suffer from 
ground clutter problems. Hence lidar offers the opportunity to improve our knowledge of 
flow over complex terrain close to the ground surface (Barkwith and Collier, 2011). 
However radar can provide detailed information in the boundary layer over very wide 
areas, particularly related to the development of convective systems.  

5. Wind profiling 
5.1 Single instrument measurements 

Measurements of the vertical profile of wind may be made using Doppler lidar and both 
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line of sights from which a vector analysis provides the three components of the wind (u, v 
and w) as described by Werner (2005).  
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Using the VAD technique Bozier et al. (2004) compared the average horizontal wind velocity 
difference and average standard deviation between a CO2 Doppler lidar and tethered 
balloon borne turbulence probe measurements at a site in Eastern England as shown in 
Table 3. The in situ sensor captures a higher frequency turbulence component in the wind 
velocity data due to the higher measurement rate, 4 Hz, compared to the lidar data 
sampling rate of 0.1 Hz. 
 

 
Table 3. Comparison of  lidar and balloon borne instrument probe derived horizontal wind 
profiles (from Bozier et al., 2004) 

Pearson et al. (2009) suggests that the three-beam technique may offer a better option in 
regions where the flow is not constant and laminar over the disc swept out by the VAD 
scan for example where topography influences the flow field. They showed examples of 
both approaches in a study of the performance of a 1.5 micron Doppler lidar. Based on 51 
days continuous, unattended operation at a site in southern England, Figure 1 shows the 
results of an inter-comparison carried out on 13 September 2007 between a UHF radar and 
lidar data. There is no cloud cover. The wind speed data are less well correlated possibly 
due to ground clutter contamination of the radar velocity data, or a reduction in the 
Signal-to-Noise (SNR) leading to a larger degree of uncertainty in the sine-wave fit 
procedure. Similar results have been found using a 10.6 micron CO2 Doppler lidar by 
Mayor et al. (1997), who compared vertical velocities derived from a 915 MHz radar 
profiler. A difference between the two instruments of -0.81 cm s-1 was found. It was noted 
that the difference may be due to the different sizes of the sampling volumes, the spatial 
separation of the two measurements and the different SNRs. Comparisons of VAD winds 
derived from Doppler lidar reported by Drechsel et al. (2009) deviated from wind profiler 
measurements by less than 1.0 m sec-1 and -1 degree, and only 0.1 m sec-1 and 2 degrees 
from radiosonde data. 

5.2 Dual-doppler systems  

A single Doppler radar or lidar measures the field of wind velocities that are directed 
towards or away from the instrument. Doviak and Zrnic (1984) describe how a second 
Doppler radar spaced far from the first produces a field of different radial velocities which 
can be vectorially synthesized to retrieve the two dimensional velocities in the plane 
containing the radials.  
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Fig. 1. Radar and  lidar profiles from the evening of 13 Sept. 2007. The lidar scan took 9 min 
and the radar data are for a 10-min average. (A)-(D) Start times of 1900, 2100, 2200 and 2300 
UTC respectively. The circles and squares show the bearing and speed data respectively 
(grey radar and black lidar) (from Pearson et al., 2009) 
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Fig. 1. Radar and  lidar profiles from the evening of 13 Sept. 2007. The lidar scan took 9 min 
and the radar data are for a 10-min average. (A)-(D) Start times of 1900, 2100, 2200 and 2300 
UTC respectively. The circles and squares show the bearing and speed data respectively 
(grey radar and black lidar) (from Pearson et al., 2009) 
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This is greatly simplified if this operation is performed in cylindrical coordinates with axis 
chosen to be in the line connecting the two radars 1 and 2, referred to as the baseline. The 
mean Doppler velocity is corrected for the reflectivity-weighted mean terminal velocity of 
the scatterers wt . Hence the estimate of the radial component of air motion is:  

1,2 1,2 t e1,2v  v '  w sin     

where v1,2' are the mean Doppler target velocities measured by radars 1,2 at data points and 
wt is positive. To estimate wt an empirical expression such as that given by Atlas et al. (1973) 
can be used. The estimated radial velocities v1,2 of the air can be interpolated to uniformly 
spaced grid points in planes at an angle α to the horizontal surface containing the baseline. 
The wind component wα normal to the plane is obtained by solving the continuity equation 
in cylindrical coordinates: 

 1/r ∂/∂r (rρwr) + 1/r ∂/∂x (ρwα) + ∂/∂s (ρws) = 0 

with the boundary condition w = 0 at the ground. Generally this approach covers a smaller 
area compared to the full dual-Doppler coverage and may contain residual errors. 

An improved albeit similar approach has been developed by Bousquet and Chong (1998) for 
three dimensional wind retrieval from multiple airborne Doppler radars, called the Multiple 
Doppler Synthesis and Continuity Adjustment Technique (MUSCAT). It was extended for 
application over both flat or complex terrain by Chong and Cosma (2000), and for ground-
based radar systems by Chong and Bousquet (2001). An alternative computationally 
inexpensive plane-to-plane solution known as the Multiple Analytical Doppler (MANDOP) 
system has been described by Tabary and Scialom (2001). 

In 2003 two mobile Doppler lidars were sited at either end of a disused runway 
approximately 1.6 km apart at RAF Northolt in West London (Collier et al., 2005). The aim 
was to investigate the optimal lidar configuration to measure wind flow turbulence 
characteristics. Three dual-lidar configurations are shown in Figure 2. Figures 2a and 2c 
show data taken with the two lidars where the beams cross at a point, which is in the 
vertical plane defined by the line joining the two lidar positions. With each lidar system the 
radial velocities along the beams were measured every five seconds. The two radar 
computer clocks were first synchronised, and then for the different configurations, the time 
series of data were taken. Table 4 gives statistics derived from operating the lidar systems as 
in configuration 2c. The data were taken for a period of 700 seconds, and for different 
heights over a period of approximately 50 minutes. The errors in the vertical velocities from 
this dual-Doppler lidar deployment were analysed by Davies et al. (2005). It was found that 
the spread in vertical velocities due to the combined effects from instrumental errors of the 
two lidars can in some cases act to cancel each other out, although on other occasions this 
was not the case. We discuss the implications of this in the next section.  

Drechsel et al. (2009) applied the MUSCAT processing system to dual-Doppler lidar data 
collected during the Terrain – induced Experiment (T-REX) in the spring of 2006. The flow 
pattern derived from 19 three dimensional wind fields revealed differences of wind speed 
and direction of less than 1.1 m sec-1 and 3 degrees on average compared to radiosonde and 
wind profiler data. The average vertical motion from MUSCAT was -0.24 m sec-1 compared 
to -0.52 m sec-1 from wind profiler data and -0.32 m sec-1 from radiosonde data.  
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Height (m) 

Mean horizontal
wind 

in direction 
of the lidar 
axis (m/s) 

Mean vertical 
Wind (m/s) 

Std. dev.
of wind in 
direction 

of the 
lidar axis (m/s) 

Std. Dev. 
of vertical 

wind (m/s) 

  
100 -0.05 1.1 0.50 3.43 
200 1.52 -0.90 0.59 1.45 
400 0.77 -0.66 0.59 1.78 
709 0.68 -0.83 1.49 1.13 

Table 4. Means and standard deviations of the horizontal and vertical winds. The horizontal 
wind is the wind in the direction of the axis joining the two lidars. The heights of the data are 
determined by the crossing points of the two lidar beams as shown in the configuration of 
Figure 2c. The lidar data were taken from 1134-1224 UTC 23 July 2003 (from Collier et al. (2005) 

 
(a) (b) 

 

 
c 

Fig. 2. Dual-lidar configurations.  Diamonds denote beam intersection points (from Collier et 
al., 2005) 
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Fig. 2. Dual-lidar configurations.  Diamonds denote beam intersection points (from Collier et 
al., 2005) 
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6. Measuring turbulent structure 
A comprehensive review of the use of radar to measure the morphology of the boundary 
layer is provided by Gossard (1990), who also provides a review of the use of Doppler radar 
to measure turbulent velocity variance and covariance. VAD scans do not produce perfect 
sinusoids, and their derived time series are perturbed by random turbulent fluctuations at 
scales larger than the radar pulse volume, but much smaller than the diameter of the VAD. 
Wilson (1970) and Wilson and Miller (1972) developed a procedure for extracting 
quantitatively the variances and covariances of u, v and w. This was developed further by 
Kropfli (1984) who measured profiles of vertical momentum flux through the convective 
boundary layer as shown in Figure 3.   

 
Fig. 3. Single radar measurement of vertical profile of momentum flux through the 
boundary layer by the method of Wilson (1970). Data are from a 100-min period beginning 
at 12-3 MDT during the PHOENIX experiment (from Kropfli, 1984) 

The radar Doppler spectral width has also been used to extract small-scale turbulence 
information from spectral broadening due to wind shear, the radar antenna properties and 
the variance of the velocity component in the radial direction due to turbulence. In 
particular, the eddy dissipation rate can be measured, the first attempt to do this being by 
Gorelik and Mel’nichuk (1963). Table 5 is a summary of the literature on the measurement of 
turbulent energy dissipation (ε). Note that both radar and lidar have been used to measure 
this quantity. 
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Type Typical Values of ε x 
103 (m2 sec -3) Typical estimate Reference 

DN 0.2 Model Simmons and 
Hoskins, (1978) 

DGW 6 (Over major 
mountains) Model Shutts (2005) 

DC 1-10 Radar and aircraft 
observations 

Meischner et al 
(2001) 

DF 

1000 (within the 
surface layer) 

2 (in shallow sloping 
frontal layers); 

3 (close to the ground 
before surface front 

passes); 
20 (jet stream level; 
clear air turbulence) 

 
30 (jet stream level; 
clear air turbulence) 

Hot-wire 
anemometer at 3m 
Radar observations 

 
Aircraft observations

 
Radar observations 

 

Piper and Lundquist 
(2004) 

Chapman and 
Browning (2001); 

Chapman and 
Browning (2001); 

 
Kennedy and 

Shapiro (1975, 1980) 
Gage et al (1980) 

 

DB (Urban areas) 
Up to 4 (urban areas)

 
0.2 – 6.2 (urban areas)

Lidar observations at 
several hundred 

metres 
Lidar observations 

Davies et al (2004); 
 

Davis et al (2008) 

Table 5. Energy dissipation rates, ε (m2 sec-3) (from Collier and Davies, 2009) 

Generally the vertical velocity in the turbulent boundary layer is very small, and difficult to 
measure. It is clear that significant temporal averaging is necessary. Kropfli (1984) suggested 
averaging over 20 minutes for VAD radar data, whereas Davies et al. (2005) averaged lidar 
data over 10 to about 50 minutes. However, the errors in the wind velocity, particularly 
those in w were thought by Sathe et al. (2011) to prelude the use of Doppler lidar with the 
VAD technique from measuring boundary layer turbulence precisely. This conclusion is not 
necessarily appropriate when two lidars are used as demonstrated by Davies et al. (2005) 
and Pearson et al. (2009). 

In order to investigate the detailed structure of the turbulent motion above the Urban 
Canopy Layer (UCL), Davies et al. (2004) compared Doppler lidar-measured turbulent 
structure functions with those derived using the Von Karman model of isotopic turbulence 
in the inertial sub-range. Making allowance for the spatial averaging of the lidar pulse 
volume, the correspondence is comforting (Fig. 4). Hence, estimates of the integral length-
scale, the dominant spatial scale of the turbulence above the UCL, can be made from the fit 
of the model to the observations, giving a range from 250–400 m. In addition, measurements 
were made of the velocity covariance power spectra, and the corresponding eddy 
dissipation rates are shown in Fig. 5. The slope of the spectra within the inertial sublayer is 
usually −5/3, although this depends upon the presence of inversion layers and the strength 
of the turbulence. The fact that the spectrum falls off faster than −5/3 may indicate that the 
turbulence approaches isotropy locally in the inertial range (Lumley, 1965). However, in the 
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volume, the correspondence is comforting (Fig. 4). Hence, estimates of the integral length-
scale, the dominant spatial scale of the turbulence above the UCL, can be made from the fit 
of the model to the observations, giving a range from 250–400 m. In addition, measurements 
were made of the velocity covariance power spectra, and the corresponding eddy 
dissipation rates are shown in Fig. 5. The slope of the spectra within the inertial sublayer is 
usually −5/3, although this depends upon the presence of inversion layers and the strength 
of the turbulence. The fact that the spectrum falls off faster than −5/3 may indicate that the 
turbulence approaches isotropy locally in the inertial range (Lumley, 1965). However, in the 
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case of the lidar measurements the fall off at less negative wave numbers is more likely to be 
due to the spatial averaging of the data over the beam. Climatologies of urban and rural 
eddy dissipation rates are needed to evaluate the urban effects. 

 
Fig. 4. Comparison of lidar measurements of structure function with the Von Karman model 
over Salford, Greater Manchester at 1317 UTC 2 May 2002. The upper dashed line represents 
the uncorrected model and the lower thick line the corrected model; crosses are uncorrected 
lidar measurements and diamonds are the corrected lidar measurements. (From Davies et 
al. 2004.) 

 
Fig. 5. Covariance power spectra and eddy dissipation rates, ε, over Salford, Greater 
Manchester, derived from line-of-sight measurements made during the SALFEX experiment 
for three datasets as indicated. The values of ε for the three curves range from 1.1 to 4.3 ×  
10-3 m2sec-3. (From Davies et al. 2004.) 
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Recently Krishnamurthy et al. (2011) reported Doppler lidar measurements of turbulent 
kinetic energy dissipation rate, integral length scale and velocity variance assuming a 
theoretical model of isotropic wind fields during the T-REX Project. Corrections to address 
the complications inherent in volumetric averaging of radial velocity over each range gate, 
noise in the data and the assumption made regarding the effects of smaller scales of motion 
were considered and tested. Comparisons between the lidar and tower measurements 
supported the soundness of the lidar measurements of boundary layer turbulence. 

7. Doppler radar and lidar measurements of boundary layer phenomena 
7.1 Storm outflows 

One of the most difficult forecasting problems remains the identification of when and where 
convective cells develop. Two facets of this problem are (a) how first-generation convective 
cells are triggered in an environment which has been previously quiescent for a period, but 
which becomes more and more unstable; and (b) for convective cells that persist, how and 
where subsequent generations of cells are triggered by the propagation of cold outflows 
from existing cells. Over the years there have been many studies addressing these issues 
using radar data (see for example Bader et al., 1995). Indeed, it is well known that first 
generation convective cells may be triggered by orographic uplift, and by land surface 
heterogeneity caused by variations in the temperature and moisture fields.  

Collier and Davies (2004) describe a study of the pre-storm environment for a case study using 
a Doppler lidar located at Northolt, North West London, a C-band weather radar sited at 
Chenies north of London and the S-band Chilbolton radar. It was noted that the Doppler lidar 
and the weather radar data complement each other. Figure 6 shows Chenies and Chilbolton 
radar images, a PPI from the Doppler lidar and a LDR PPI from the Chilbolton radar. An 
outflow boundary is evident in all the images. A reversal of the wind direction at low levels is 
shown near the lidar site. The Chenies radar shows a thin line of broken echoes about 12 km to 
the north and north west of the main area of convective rain. The Chilbolton radar Linear 
Depolarisation Ratio (LDR) suggests that the radar targets in the outflow region are probably 
not raindrops, but may be particulate matter (straw, dust). The Doppler radial velocities 
observed by Chilbolton are consistent with the lidar measurements in the figure. 

Similar measurements of an outflow have been reported by Collier et al. (2008). This study 
illustrates the difficulty of measuring an outflow using a radar, in this case the DLR C-band 
radar. In Figure 7a an outflow from a thunderstorm over the Rhine Valley is partially 
observed by the radar, but the details are not clear as there is some confusion with ground 
clutter. Figure 7b shows Doppler lidar measurements of the vertical velocities made from 
Achern in the Rhine Valley. Here the outflow is clear. It is about 800 m deep, and a cap 
cloud is observed near the leading edge. The peak kinetic energy dissipation rate was 
calculated to be 0.18 m2 sec-3 . 

7.2 Observing smoke plumes 

Combined observations of smoke plumes using lidar and radar have not been extensively 
reported. Such plumes may be generated from wild fires, or from prescribed (planned) burns. 
The plumes may contain lofted debri as the primary source of targets, although smoke and 
condensed water droplets may also be evident. Banta et al. (1992) used Doppler radar and 
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not raindrops, but may be particulate matter (straw, dust). The Doppler radial velocities 
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radar. In Figure 7a an outflow from a thunderstorm over the Rhine Valley is partially 
observed by the radar, but the details are not clear as there is some confusion with ground 
clutter. Figure 7b shows Doppler lidar measurements of the vertical velocities made from 
Achern in the Rhine Valley. Here the outflow is clear. It is about 800 m deep, and a cap 
cloud is observed near the leading edge. The peak kinetic energy dissipation rate was 
calculated to be 0.18 m2 sec-3 . 
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reported. Such plumes may be generated from wild fires, or from prescribed (planned) burns. 
The plumes may contain lofted debri as the primary source of targets, although smoke and 
condensed water droplets may also be evident. Banta et al. (1992) used Doppler radar and 
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lidar to observe both prescribed and wild fires. Figure 8 shows Doppler lidar measurements of 
plumes over Helsinki produced from forest fires in North West Russia. The correlation 
between the lidar backscatter data and the retrieved vertical velocities shows convective 
updrafts containing the particulate-laden air from the cleaner air contained in downdrafts.    

 
Fig. 6. (a) (top left) Chenies radar images on 16 July 2003 [Blue less than 1 mm h-1; yellow 2-4 
mm h-1; grid 2 km x 2 km maximum range 75 km]; (b) (top right) Chilbolton unfolded radial 
velocities 16 July 0903 UTC in m sec-1 [negative away from the radar]; (c) (bottom left) 
Doppler lidar PPI [10 deg.]  radial velocities [ m sec-1] 16 July 2003.0850 UTC [ negative 
towards the lidar]. Note the wind reversal at low levels; (d) (bottom right) Chilbolton radar 
Linear Depolarisation Ratio (LDR) 16 July 0903 UTC (from Collier and Davies, 2004). 
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Fig. 7. Illustrating (a) RHI from the DLR Poldirad radar located at Waltenheim-sur-zorn 
towards the Supersites Achern (36 km), Hornisgrinde (46 km) and AMF (62 km) at 22.58 
UTC 12 August 2007; and (b) vertical velocity measured at 23.04 UTC by Doppler lidar 
located at Achern on 12 August 2007 (from Collier et al., 2008).  

 
Fig. 8. Time series of lidar atmospheric backscatter and vertical velocity measurements taken 
on 9 August 2006  1040-1100 UTC in Helsinki, Finland. The log of the atmospheric 
backscatter is shown in (a) with the vertical velocity data from the lidar shown in (b). The 
vertical axis shows height above ground level (m) and the horizontal axis is time (UTC) 
(from Bozier et al., 2007). 
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7.3 Understanding convection  

Skewness is a measure of asymmetry in the distribution of vertical velocity perturbations. 
Positive skewness at the surface suggests narrow intense updrafts from the surface and 
broad downdrafts (fair weather, clear). Negative skewness suggests sharp, narrow 
downdrafts and larger areas of weaker updraft, rather like “upside down” surface heating 
driven by turbulence on a cloudy day. Skewness may be calculated using, 

S = w’3 / (w’2)3/2 

Bother Doppler radar and Doppler lidar are capable of measuring vertical velocity and they 
can measure skewness throughout the boundary layer. Knowing the skewness can help 
understand the structure of convection (see for example Hogan et al., 2009). 

 Although weather radars are available around the edges of tropical rain forests, there have 
as yet been only a few studies combining radar wind profilers and lidar (ceilometers) data 
(Grimsdell and Angevine, 1998). Vila-Guerau de Arellano et al. (2009) studied the isoprene 
fluxes in the tropical rain forest environment, but recommended the continued use of a 
radar wind profiler or Doppler lidar. Pearson et al. (2010) used a Doppler lidar to measure 
the diurnal cycle of the wind field in the tropical boundary layer, Sabah, Borneo.  

8. Concluding remarks 
Since radar and lidar provide measurements of backscatter and atmospheric motion based 
upon different targets, it is clear that much useful complementary information on 
atmospheric phenomena and processes can be obtained. Used together these instruments 
provide a powerful mechanism by which to enhance our knowledge of the atmosphere and 
develop improved forecasting procedures of a wide range of phenomena. Both technologies 
offer instrumentation capable of continuous unattended operation.     
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1. Introduction 
Quality related issues are becoming more and more often one of the main research fields 
nowadays. This trend affects weather radar data as well. Radar-derived precipitation data 
are burdened with a number of errors from different sources (meteorological and technical). 
Due to the complexity of radar measurement and processing it is practically impossible to 
eliminate these errors completely or at least to evaluate each error separately (Villarini & 
Krajewski, 2010). On the other hand, precise information about the data reliability is 
important for the end user.  

The estimation of radar data quality even as global quantity for single radar provides very 
useful and important information (e.g. Peura et al., 2006). However for some applications, 
such as flash flood prediction, more detailed quality information is expected by hydrologists 
(Sharif et al., 2004; Vivoni et al., 2007, Collier, 2009). A quality index approach for each radar 
pixel seems to be an appropriate way of quality characterization (Michelson et al., 2005; 
Friedrich et al., 2006; Szturc et al., 2006, 2008a, 2011). As a consequence a map of the quality 
index can be attached to the radar-based product. 

2. Sources of radar data uncertainty 
There are numerous sources of errors that affect radar measurements of reflectivity volumes 
or surface precipitation, which have been comprehensively discussed by many authors (e.g. 
Collier, 1996; Meischner 2004; Šálek et al., 2004; Michelson et al., 2005). 

Hardware sources of errors are related to electronics stability, antenna accuracy, and signal 
processing accuracy (Gekat et al., 2004). Other non-meteorological errors are results of 
electromagnetic interference with the sun and other microwave emitters, attenuation due to a 
wet or snow (ice) covered radome, ground clutter (Germann & Joss, 2004), anomalous 
propagation of radar beam due to specific atmosphere temperature or moisture gradient 
(Bebbington et al., 2007), and biological echoes from birds, insects, etc. Next group of errors is 
associated with scan strategy, radar beam geometry and interpolation between sampling points, 
as well as the broadening of the beam width with increasing distance from the radar site. 
Moreover the beam may be blocked due to topography (Bech et al., 2007) and by nearby objects 
like trees and buildings, or not fully filled when the size of precipitation echo is relatively small or 
the precipitation is at low altitude in relation to the antenna elevation (so called overshooting). 
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Apart from the above-mentioned non-precipitation errors, meteorologically related 
factors influence precipitation estimation from weather radar measurements. 
Attenuation by hydrometeors, which depends on precipitation phase (rain, snow, 
melting snow, graupel or hail), intensity, and radar wavelength, particularly C and X-
band, may cause the strong underestimation in precipitation, especially in case of hail. 
Another source of error is Z–R relation which expresses the dependence of precipitation 
intensity R on radar reflectivity Z. This empirical formula is influenced by drop size 
distribution, which varies for different precipitation phases, intensities, and types of 
precipitation: convective or non-convective (Šálek et al., 2004). The melting layer located 
at the altitude where ice melts to rain additionally introduces uncertainty into 
precipitation estimation. Since water is much more conductive than ice, a thin layer of 
water covering melting snowflakes causes strong overestimation in radar reflectivity. 
This effect is known as the bright band (Battan, 1973; Goltz et al., 2006). Moreover the 
non-uniform vertical profile of precipitation leads to problems with the estimation of 
surface precipitation from radar measurement (e.g. Franco et al., 2002; Germann & Joss, 
2004; Einfalt & Michaelides, 2008), and these vertical profiles may strongly vary in space 
and time (Zawadzki, 2006). 

Dual-polarization radars have the potential to provide additional information to overcome 
many of the uncertainties in contrast to situation when only the conventional reflectivity Z 
and Doppler information is available (Illingworth, 2004). 

3. Methods for data quality characterization 
3.1 Introduction 

Characterization of the radar data quality is necessary to describe uncertainty in the data 
taking into account potential errors that can be quantified as well as the ones that can be 
estimated only qualitatively. Generally, values of many detailed “physical” quality descriptors 
are not readable for end users, so the following quality metrics are used as more suitable:  

 total error level, i.e. measured value ± standard deviation expressed as measured 
physical quantity (radar reflectivity in dBZ, precipitation in mm h-1, etc.), 

 quality flag taking discrete value, in the simplest form 0 or 1 that means “bad” or 
”excellent” data, 

 quality index as unitless quantity related to the data errors, which is expressed by 
numbers e.g. from 0 to 1. 

Many national meteorological services provide quality information in form of flags to 
indicate where radar data is burdened with specific errors and if it is corrected by dedicated 
algorithms (Michelson et al., 2005; Norman et al., 2010). The flags are expressed as discrete 
numbers.  

The quality index (QI) is a measure of data quality that gives a more detailed characteristic 
than a flag, providing quantitative assessment, for instance using numbers in a range from 0 
(for bad data) to some value (e.g. 1, 100, or 255 for excellent data). The quality index concept 
is operationally applied to surface precipitation data in some national meteorological 
services (see review in Einfalt et al., 2010). 
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3.2 General description of QI scheme 

An idea of quality index (QI) scheme is often employed to evaluate radar data quality. In 
this scheme the following quantities must be determined (Szturc et. al., 2011): 

1. Quality factors, Xi (where i = 1, …n) – quantities that have impact on weather radar-
based data quality. Their set should include the most important factors that can be 
measured or assessed.  

2. Quality functions, fi – formulas for transformation of each individual quality factor Xi 
into relevant quality index QIi. The formulas can be linear, sigmoidal, etc. 

3. Quality indices, QIi – quantities that express the quality of data in terms of a specific 
quality factors Xi: 

 
0 bad data
1 good data

( ) (0,1) other cases
i

i i

QI
f X


 
 

 (1) 

4. Weights, Wi – weights of the QIis. The optimal way of the weight determination seems to 
be an analysis of experimental relationships between proper quality factors Xi and radar 
data errors calculated from comparison with benchmark data (on historical data set). 

5. Final quality index, QI – quantity that expresses quality of data in total, calculated using 
one of the formulae: 
 minimum value:  

  min iQI QI , (2a) 

 additive scheme (weighted average):  
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  , (2b) 

 multiplicative scheme (multiplication):  
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The latter seems to be the most appropriate and its form is open (e.g. changes in set of 
quality indicators do not require the scheme parameterization). 

4. Quality control algorithms for radar reflectivity volumes 
Starting point in dealing with weather radar reflectivity data should be quality control of  
3-D raw radar data. There are not many papers focused on quality characterization of such 
data. Fornasiero et al. (2005) presented a scheme employed in ARPA Bologna (Italy) for 
quality evaluation of radar data both raw and processed. The scheme developed in Institute 
of Meteorology and Water Management in Poland (IMGW) in the frame of BALTRAD 
project (Michelson et al., 2010) was described by Ośródka et al. (2010, 2012). Commonly 
employed groups of quality control algorithms are listed in Table 1.  
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Task Correction algorithm Quality factor QC QI 
Evaluation of technical 

radar parameters – Set of technical radar 
parameters  x 

Assessment of effects 
related to distance to 

radar site 
– Horizontal and vertical 

beam broadening  x 

Ground clutter removal Using Doppler filter or 
3-D clutter map 

Presence of ground 
clutter x* x 

Removal of non-
meteorological echoes 

Analysis of 3-D 
reflectivity structure. 

Using dual-polarization 
parameters 

Presence of the non-
meteorological echoes x x 

Beam blockage correction Using topography map Presence of beam 
blockage x x 

Correction for 
attenuation in rain 

Based on attenuation 
coefficient. Using dual-
polarization parameters 

Attenuation in rain along 
the beam path x x 

Spatial variability 
evaluation 

Analysis of 3-D 
reflectivity structure 

Spatial variability of 
reflectivity field  x 

* commonly the correction is made by built-in radar software. 

Table 1. Groups of quality control algorithms (correction QC and characterization QI) for  
3-D reflectivity (Z) data. 

4.1 Technical radar parameters 

This algorithm aims to deliver data quality metric only. A set of technical radar 
parameters that impact on data quality can be selected as quality factors. The parameters 
are for instance: operating frequency, beam width, pointing accuracy in elevation and 
azimuth, minimal detectable signal at 1000 m, antenna speed, date of last electronic 
calibration, etc. (Holleman et al., 2006). All the factors are static within the whole radar 
range and characterize quality of each particular radar so different radars can be 
compared in terms of their quality. The threshold values for which the quality index 
becomes lower than one should be set for all parameters according to the common 
standards. 

4.2 Horizontal and vertical broadening of a radar beam 

Radar measurements are performed along each beam at successive gates (measurement 
points in 3-D data space), which represent certain surrounding areas determined by the 
beam width and pulse length. Since the radar beam broadens with the distance to the radar 
site, the measurement comes from a larger volume and related errors increase as well. There 
is no possibility to correct this effect, however it can be quantitatively determined and taken 
into account in the total quality index. 

The horizontal and vertical broadening of radar beam for each gate can be geometrically 
computed knowing its polar coordinates: elevation, azimuth, and radial distance to radar site, 
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and two parameters of radar beam: beam width and radar pulse length. Related quality index 
may be determined from broadenings of the both beam cross section (Ośródka et al., 2012).  

4.3 Ground clutter removal 

The correction of radar data due to contamination by ground clutter is commonly made at a 
level of radar system software which uses statistical or Doppler filtering (e.g. Selex, 2010). In 
such situation the information about the correction is not available so generation of a 
ground clutter map for the lowest (and higher if necessary) scan elevation must be 
employed, e.g. using a digital terrain map (DTM). In order to determine areas contaminated 
by ground clutter a diagram of partial beam blockage values (PBB) is analysed. The PBB is 
defined as a ratio of blocked beam cross section area to the whole one. 

Gates where ground clutter was detected should be characterized by lowered quality index. 
A simple formula for quality index QIGC related to ground clutter presence can be written as: 

 ground clutter is detected
1 no clutterGC
a

QI


 


 (3) 

where a is the constant, e.g. between 0 and 1 in the case of QIi  (0, 1). The quality index 
decreases in each gate with detected clutter even if it was removed. 

4.4 Removal of non-meteorological echoes 

Apart from ground clutter other phenomena like: specks, external interference signals (e.g. 
from sun and Wi-Fi emitters), biometeors (flock of birds, swarm of insects), anomalous 
propagation echoes (so called anaprop), sea clutter, clear-air echoes, chaff, etc., are 
considered as non-meteorological clutter. Since various types of non-precipitation echoes 
can be found in radar observations, in practice individual subalgorithms must be developed 
to address each of them. More effective removal of such echoes is possible using dual-
polarization radars and relevant algorithms for echo classification.  

Removal of external interference signals. Signals coming from external sources that interfere 
with radar signal have become source of non-meteorological echoes in radar data more and 
more often. Their effect is similar to a spike generated by sun, but they are observed in any 
azimuth at any time, mainly at lower elevations, and may reach very high reflectivity. The 
spurious spike-type echoes are characterized by their very specific spatial structure that 
clearly differs from precipitation field pattern (Peura, 2002; Ośródka et al., 2012): they are 
observed along the whole or large part of a single or a few neighbouring radar beams. 
Commonly reflectivity field structure is investigated to detect such echo on radar image 
(Zejdlik & Novak, 2010). Recognition of such echo is not very difficult task unless it 
interferes with a precipitation field: its variability is low along the beam and high across it. 
The algorithm removes it from the precipitation field and replaces by proper (e.g. 
interpolated) reflectivity values. In the algorithm of Ośródka et al. (2012) two stages of spike 
removal are introduced: for “wide” and “narrow” types of spikes. 

Removal of “high” spurious echoes. “High” spurious echoes, not only spikes, are echoes 
detected at altitudes higher than 20 km where any meteorological echo is not possible to 
exist. All the “high” echoes are removed. 
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compared in terms of their quality. The threshold values for which the quality index 
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is no possibility to correct this effect, however it can be quantitatively determined and taken 
into account in the total quality index. 

The horizontal and vertical broadening of radar beam for each gate can be geometrically 
computed knowing its polar coordinates: elevation, azimuth, and radial distance to radar site, 
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and two parameters of radar beam: beam width and radar pulse length. Related quality index 
may be determined from broadenings of the both beam cross section (Ośródka et al., 2012).  

4.3 Ground clutter removal 

The correction of radar data due to contamination by ground clutter is commonly made at a 
level of radar system software which uses statistical or Doppler filtering (e.g. Selex, 2010). In 
such situation the information about the correction is not available so generation of a 
ground clutter map for the lowest (and higher if necessary) scan elevation must be 
employed, e.g. using a digital terrain map (DTM). In order to determine areas contaminated 
by ground clutter a diagram of partial beam blockage values (PBB) is analysed. The PBB is 
defined as a ratio of blocked beam cross section area to the whole one. 

Gates where ground clutter was detected should be characterized by lowered quality index. 
A simple formula for quality index QIGC related to ground clutter presence can be written as: 

 ground clutter is detected
1 no clutterGC
a

QI


 


 (3) 

where a is the constant, e.g. between 0 and 1 in the case of QIi  (0, 1). The quality index 
decreases in each gate with detected clutter even if it was removed. 

4.4 Removal of non-meteorological echoes 

Apart from ground clutter other phenomena like: specks, external interference signals (e.g. 
from sun and Wi-Fi emitters), biometeors (flock of birds, swarm of insects), anomalous 
propagation echoes (so called anaprop), sea clutter, clear-air echoes, chaff, etc., are 
considered as non-meteorological clutter. Since various types of non-precipitation echoes 
can be found in radar observations, in practice individual subalgorithms must be developed 
to address each of them. More effective removal of such echoes is possible using dual-
polarization radars and relevant algorithms for echo classification.  

Removal of external interference signals. Signals coming from external sources that interfere 
with radar signal have become source of non-meteorological echoes in radar data more and 
more often. Their effect is similar to a spike generated by sun, but they are observed in any 
azimuth at any time, mainly at lower elevations, and may reach very high reflectivity. The 
spurious spike-type echoes are characterized by their very specific spatial structure that 
clearly differs from precipitation field pattern (Peura, 2002; Ośródka et al., 2012): they are 
observed along the whole or large part of a single or a few neighbouring radar beams. 
Commonly reflectivity field structure is investigated to detect such echo on radar image 
(Zejdlik & Novak, 2010). Recognition of such echo is not very difficult task unless it 
interferes with a precipitation field: its variability is low along the beam and high across it. 
The algorithm removes it from the precipitation field and replaces by proper (e.g. 
interpolated) reflectivity values. In the algorithm of Ośródka et al. (2012) two stages of spike 
removal are introduced: for “wide” and “narrow” types of spikes. 

Removal of “high” spurious echoes. “High” spurious echoes, not only spikes, are echoes 
detected at altitudes higher than 20 km where any meteorological echo is not possible to 
exist. All the “high” echoes are removed. 
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Removal of “low” spurious echoes. “Low” spurious echoes are all low-reflectivity echoes detected 
at low altitudes only. No meteorological echo can exist here. All the “low” echoes are removed. 
The algorithm can be treated as a simple method to deal with biometeor echoes (Peura, 2002). 

Meteosat filtering. As a preliminary method for non-meteorological echo removal the filtering 
by Meteosat data on cloudiness can be used. A Cloud Type product, which is provided by 
EUMETSAT, distinguishes twenty classes of cloud type with the classes from 1 to 4 assigned 
to areas not covered by any cloud. All echoes within not clouded areas are treated as 
spurious ones and removed. Such simple technique can turn out to be quite efficient in the 
cases of anomalous propagation echoes (anaprop) over bigger areas without clouds 
(Michelson, 2006). 

Speck removal. Generally, the specks are isolated radar gates with echo surrounded by non-
precipitation gates. Number of echo gates in a grid around the given gate (e.g. of 3 x 3 gates) 
is calculated (Michelson et al., 2000). If a certain threshold is not achieved then the gate is 
classified as a speck, i.e. measurement noise, and the echo is removed. Algorithm of the 
reverse specks (i.e. isolated radar gates with no echo surrounded by precipitation gates) 
removal is analogous to the one used for specks. 

Using artificial intelligence techniques. Artificial intelligence algorithms, such as neural 
network (NN), are based on analysis of reflectivity structure (Lakshmanan et al., 2007). The 
difference is that similarity of the given object pattern to non-meteorological one, on which 
the model was learned, is a criterion of spurious echo detection. For this reason NN-based 
algorithms are difficult to parameterize and control their running.  

Using dual-polarization observations. The basis is the fact that different types of targets are 
characterized by different size, shape, fall mode and dielectric constant distribution. In 
general, different combinations of polarimetric parameters can be used to categorize the 
given echo into one of different types (classes). The fuzzy logic scheme is mostly employed 
for the combination. Such methods consider the overlap of the boundaries between 
meteorological and non-meteorological objects. For each polarimetric radar observable and 
for each class a membership function is identified basing on careful analysis of data. Finally, 
an object is assigned to the class with the highest value of membership function.  

The most often horizontal reflectivity (ZH), differential reflectivity (ZDR), differential phase shift 
(ФDP), correlation coefficient (ρHV), and analyses of spatial pattern (by means of standard 
deviation) of the parameters are employed in fuzzy logic schemes. Radars operating in 
different frequencies (S-, C-, and X-band) may provide different values of polarimetric 
parameters as they are frequency-dependent. For that reason, different algorithms are 
developed for identification of non-meteorological echoes using different radar frequencies, 
see e.g. algorithms proposed by Schuur et al. (2003) for S-band radars and by Gourley et al. 
(2007b) for C-band. A significant disadvantage of such techniques is that they are 
parameterized on local data and conditions so they are not transportable to other locations. 

Quality index. Quality index for the gates in which non-meteorological echoes are detected is 
decreased to a constant value using formula similar to Equation (3). 

An example of algorithms running for spike- and speck-type echoes removal is depicted in 
Figure 2b (for Legionowo radar). 
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4.5 Beam blockage 

Radar beam can be blocked by ground targets, i.e. places where the beam hits terrain. A 
geometrical approach is applied to calculate the degree of the beam blockage. This approach 
is based on calculation what part of radar beam cross section is blocked by any 
topographical object. For this purpose a degree of partial beam blocking (PBB) is computed 
from a digital terrain map (DTM). According to Bech et al. (2003, 2007), the PBB is calculated 
from the formula: 
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where a is the radius of radar beam cross section at the given distance from radar, y is the 
difference between the height of the terrain and the height of the radar beam centre. The 
partial blockage takes place when –a < y < a, and varies from 0 to 1 (see Figure 1). 

 
Fig. 1. Scheme of partial beam blockage PBB calculation using Bech et al. (2007) algorithm. 

Quantity y in Equation 4 and Figure 1 is calculated as an altitude obtained from DTM for 
pixel located in radar beam centre taking into account altitude of radar antenna, the Earth 
curvature, and antenna elevation. Then the correction of partial beam blocking is made 
according to the formula (Bech et al., 2007): 

 1
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The correction is introduced if the PBB value is lower than 0.7. For higher PBB values “no 
data” (Bech et al., 2007) or reflectivity from neighbouring higher elevation (Ośródka et al., 
2012) may be taken. A quality of blocked measurement dramatically decreases and can be 
expressed by: 

 
1
0PBB

PBB PBB a
QI

PBB a
 

  
 (6) 

where coefficient a can be set as 0.5 (Fornasiero et al., 2005) or 0.7 (Bech et al., 2007; Ośródka 
et al., 2012). If reflectivity in a specific gate has been replaced by reflectivity from higher 
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Removal of “low” spurious echoes. “Low” spurious echoes are all low-reflectivity echoes detected 
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EUMETSAT, distinguishes twenty classes of cloud type with the classes from 1 to 4 assigned 
to areas not covered by any cloud. All echoes within not clouded areas are treated as 
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is calculated (Michelson et al., 2000). If a certain threshold is not achieved then the gate is 
classified as a speck, i.e. measurement noise, and the echo is removed. Algorithm of the 
reverse specks (i.e. isolated radar gates with no echo surrounded by precipitation gates) 
removal is analogous to the one used for specks. 

Using artificial intelligence techniques. Artificial intelligence algorithms, such as neural 
network (NN), are based on analysis of reflectivity structure (Lakshmanan et al., 2007). The 
difference is that similarity of the given object pattern to non-meteorological one, on which 
the model was learned, is a criterion of spurious echo detection. For this reason NN-based 
algorithms are difficult to parameterize and control their running.  

Using dual-polarization observations. The basis is the fact that different types of targets are 
characterized by different size, shape, fall mode and dielectric constant distribution. In 
general, different combinations of polarimetric parameters can be used to categorize the 
given echo into one of different types (classes). The fuzzy logic scheme is mostly employed 
for the combination. Such methods consider the overlap of the boundaries between 
meteorological and non-meteorological objects. For each polarimetric radar observable and 
for each class a membership function is identified basing on careful analysis of data. Finally, 
an object is assigned to the class with the highest value of membership function.  

The most often horizontal reflectivity (ZH), differential reflectivity (ZDR), differential phase shift 
(ФDP), correlation coefficient (ρHV), and analyses of spatial pattern (by means of standard 
deviation) of the parameters are employed in fuzzy logic schemes. Radars operating in 
different frequencies (S-, C-, and X-band) may provide different values of polarimetric 
parameters as they are frequency-dependent. For that reason, different algorithms are 
developed for identification of non-meteorological echoes using different radar frequencies, 
see e.g. algorithms proposed by Schuur et al. (2003) for S-band radars and by Gourley et al. 
(2007b) for C-band. A significant disadvantage of such techniques is that they are 
parameterized on local data and conditions so they are not transportable to other locations. 

Quality index. Quality index for the gates in which non-meteorological echoes are detected is 
decreased to a constant value using formula similar to Equation (3). 

An example of algorithms running for spike- and speck-type echoes removal is depicted in 
Figure 2b (for Legionowo radar). 
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where a is the radius of radar beam cross section at the given distance from radar, y is the 
difference between the height of the terrain and the height of the radar beam centre. The 
partial blockage takes place when –a < y < a, and varies from 0 to 1 (see Figure 1). 

 
Fig. 1. Scheme of partial beam blockage PBB calculation using Bech et al. (2007) algorithm. 

Quantity y in Equation 4 and Figure 1 is calculated as an altitude obtained from DTM for 
pixel located in radar beam centre taking into account altitude of radar antenna, the Earth 
curvature, and antenna elevation. Then the correction of partial beam blocking is made 
according to the formula (Bech et al., 2007): 
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The correction is introduced if the PBB value is lower than 0.7. For higher PBB values “no 
data” (Bech et al., 2007) or reflectivity from neighbouring higher elevation (Ośródka et al., 
2012) may be taken. A quality of blocked measurement dramatically decreases and can be 
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where coefficient a can be set as 0.5 (Fornasiero et al., 2005) or 0.7 (Bech et al., 2007; Ośródka 
et al., 2012). If reflectivity in a specific gate has been replaced by reflectivity from higher 
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elevation then QIPBB is taken from the higher one multiplied by factor b set as e.g. 0.3 
(Ośródka et al., 2012). An example of the algorithm running is presented in Fig. 2 for 
Pastewnik radar  which is located near mountains. 

4.6 Attenuation in rain 

Attenuation is defined as decrease in radar signal power after passing a meteorological 
object, that results in underestimation of the measured rain: 

 1010 log corrZA
Z

   (7) 

where A is the specific attenuation (dB km-1), Zcorr is the non-attenuated rain and Z is the 
measured one (mm6 m-3). Especially at C- and X-band wavelength the attenuation can 
considerably degrade radar measurements. The aim of the algorithm is to calculate the non-
attenuated rain. Empirical formulae for determination of specific attenuation can be found 
in literature. Using 5.7-cm radar wavelength (C-band radar) for rain rate the two-way 
attenuation A in 18°C can be estimated from the formula (Battan, 1973): 

 1.170.0044A R   (8) 

Reflectivity-based correction made iteratively (“gate by gate”) is a common technique of 
correction for attenuation in rain (Friedrich et al., 2006; Ośródka et al., 2012). For a given 
gate i the attenuation at distance between gate i-1 and gate i can be calculated taking into 
account underestimations calculated for all gates along the beam from the radar site up to 
the i-1 gate (based on Equation 8). Finally, corrected rain rate in the gate i is computed from 
the attenuation and underestimations in all previous gates. 

In case of dual-polarization radars specific attenuation for horizontal polarization AH and 
specific differential attenuation ADP (in dB km-1) can be calculated using different methods. 
For C-band radar typically specific differential phase KDP is applied using a nearly linear 
relation between the attenuation and KDP, e.g. (Paulitsch et al., 2009): 

 0.990.073H DPA K , 1.230.013DP DPA K  (9) 

or a linear one. 

The iterative approach can lead to unstable results because it is very sensitive to small errors 
in both measurement and specific attenuation.  Therefore, in order to avoid the instability in 
the algorithm, certain threshold values must be set to limit the corrections. For dual-
polarization radar a ZPHI algorithm is recommended, in which specific attenuation is 
stabilized by differential phase shift ФDP (Testud et al., 2000; Gourley et al., 2007a). 

Magnitude of the correction in precipitation rate can be considered as a measure of quality 
due to radar beam attenuation (Ośródka et al., 2012). 

4.7 Spatial variability of reflectivity field 

Small-scale variability of precipitation field is directly connected with uncertainty because 
heavy precipitation is more variable in space and time, as it can be especially observed in 
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the case of small-scale convective phenomena. Moreover non-precipitation echoes, such as 
ground clutter, are often characterized by high variability that differs from that for 
stratiform precipitation echoes. Spatial variability can be quantified as 3-D reflectivity 
gradient (Friedrich & Hagen, 2004) or standard deviation in a certain spatial grid (Szturc et 
al., 2011) and should be taken into account in quality index determination. 

4.8 Total quality index 

Computation of the total quality index QI is the final step in estimation of radar volume data 
quality. If the individual quality indices QIi characterizing data quality are quantitatively 
determined, then the total quality index QI is a result of all the individual values QIi 
employing one of the formulas 2a – 2c.  

Each elevation of raw reflectivity volume can be compared with final corrected field. A set 
of such data for the lowest elevation is presented in Fig. 2. In this Figure a strong impact of 
spike echoes is observed for Legionowo radar whereas ground clutter and related blockage 
on data from Pastewnik radar is evident. Both radars are included in Polish radar network 
POLRAD (Szturc & Dziewit, 2005). 

Legionowo radar Pastewnik radar 

  
Fig. 2. Example of influence of all correction algorithms for the lowest elevation (0.5°): a) raw 
data Z (in dBZ); b) corrected data Z; c) total quality index QI (the left image for Legionowo 
radar, 10.05.2010, 15:30 UTC, the right for Pastewnik radar, 5.05.2010, 18:00 UTC; distance to 
radar up to 250 km). The panels represent range (y-axis) vs. azimuth (x-axis) displays. 



Doppler Radar Observations –  
Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications 

 

296 

elevation then QIPBB is taken from the higher one multiplied by factor b set as e.g. 0.3 
(Ośródka et al., 2012). An example of the algorithm running is presented in Fig. 2 for 
Pastewnik radar  which is located near mountains. 
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or a linear one. 

The iterative approach can lead to unstable results because it is very sensitive to small errors 
in both measurement and specific attenuation.  Therefore, in order to avoid the instability in 
the algorithm, certain threshold values must be set to limit the corrections. For dual-
polarization radar a ZPHI algorithm is recommended, in which specific attenuation is 
stabilized by differential phase shift ФDP (Testud et al., 2000; Gourley et al., 2007a). 
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4.7 Spatial variability of reflectivity field 

Small-scale variability of precipitation field is directly connected with uncertainty because 
heavy precipitation is more variable in space and time, as it can be especially observed in 
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the case of small-scale convective phenomena. Moreover non-precipitation echoes, such as 
ground clutter, are often characterized by high variability that differs from that for 
stratiform precipitation echoes. Spatial variability can be quantified as 3-D reflectivity 
gradient (Friedrich & Hagen, 2004) or standard deviation in a certain spatial grid (Szturc et 
al., 2011) and should be taken into account in quality index determination. 

4.8 Total quality index 

Computation of the total quality index QI is the final step in estimation of radar volume data 
quality. If the individual quality indices QIi characterizing data quality are quantitatively 
determined, then the total quality index QI is a result of all the individual values QIi 
employing one of the formulas 2a – 2c.  

Each elevation of raw reflectivity volume can be compared with final corrected field. A set 
of such data for the lowest elevation is presented in Fig. 2. In this Figure a strong impact of 
spike echoes is observed for Legionowo radar whereas ground clutter and related blockage 
on data from Pastewnik radar is evident. Both radars are included in Polish radar network 
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5. Quality control algorithms for surface precipitation products 
Corrections of 2-D radar data should constitute consecutive stages in radar data 
processing in order to get the best final radar products. These corrections include 
algorithms related to specific needs of the given product. The particular quality factors 
employed for calculating quality indices for 3-D data which also influence quality of 2-D 
data are not described here. 

Many algorithms for surface precipitation field estimation from weather radar 
measurements applied in operational practice (e.g. Michelson et al., 2005) are described in 
this Section. For precipitation accumulation a different group of quality factors is applied. 
More common quality control algorithms employed in the practice are listed in Table 2. 
 

Task Correction algorithm Quality factor QC QI 
Z–R relationship 

estimation 
Changeable Z–R 
relationship used – x  

Bright band (melting 
layer) effect correction VPR-based correction Presence of melting layer x x 

Data extrapolation onto 
the Earth surface VPR-based correction Height of the lowest 

radar beam x x 

Orographic enhancement Physical model Magnitude of the 
enhancement x x 

Adjustment with rain 
gauge data 

Correction using rain 
gauge data 

Radar precipitation – rain 
gauge differences x x 

For accumulation: 
number of rate data – 

Temporal continuity of 
data (number of the 

products) 
 x 

For accumulation: 
averaged QI for rate data – Quality of included data 

(averaged QI)  x 

Table 2. Quality control algorithms (correction and characterization) for 2-D surface 
precipitation data (in order of implementation into the chain).  

5.1 Estimation of Z–R relationship 

The Z–R relationship ( bZ aR ) variability is one of the most significant error sources in 
precipitation estimation. Each hydrometeor contributes to the precipitation intensity 
roughly to 3.7th power of its diameter, thus assumption on the drop size distribution is 
needed as the integral intensity is measured. Nowadays, for a single polarization radar it is 
a common practice to apply a single (usually Marshall and Palmer formula 1.6200Z R  ) or 
seasonally-dependent Z–R relationship. However, use of a fixed Z–R relation can lead to 
significant errors in the precipitation estimation, as it depends on precipitation type 
(stratiform or convective), its kind (rain, snow, hail), etc. There are approaches that use 
tuned Z–R relationships for different meteorological situations. It requires the different 
types of precipitation to be identified on the basis of dedicated algorithms, which is easier if 
disdrometer measurements are available (Tenório et al., 2010). 
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Improvement in precipitation rate R estimation is noticeable using dual-polarization 
parameters, especially for heavy rainfall. In addition to the horizontal reflectivity ZH available 
for single polarization radar, the specific differential phase KDP and the differential reflectivity 
ZDR can be applied (Bringi & Chandrasekhar, 2001). Typical forms of relationships for 
precipitation estimation are as follows: ( )DPR f K , ( , )H DRR f Z Z , ( , )DP DRR f K Z , and 

( , , )H DP DRR f Z K Z . These approaches for precipitation rate estimation are potentially 
unaffected by radar calibration errors and attenuation, unbiased by presence of hail, etc. 

5.2 Bright band phenomenon 

Vertical profile of reflectivity (VPR) provides very useful information for radar data quality 
control. An averaged VPR is suggested to be taken from radar pixels lying at distance 
between about from 30 to 80 km from radar site to obtain the profile valid for the whole 
range of heights (Franco et al., 2002; Germann & Joss, 2004; Einfalt & Michealides, 2008). The 
bright band is a phenomenon connected with the presence of the melting layer. It is 
assumed that the melting layer is placed in range from the 0°C isotherm down to 400 m 
below (Friedrich et al., 2006). The melting of ice precipitation into water drops and related 
overestimation of precipitation rate results in errors of ground precipitation estimation. The 
phenomenon is clearly visible in vertically pointing radar observations. For dual-
polarization radar a vertical profile of correlation coefficient (ρHV) is investigated instead of 
reflectivity profile analysis (Tabary et al., 2006). 

It is proposed that the relevant quality index equals 0 inside the melting layer due to bright 
band, and equals 0.5 for measurement gates above the layer (Friedrich et al., 2006). In the 
case when the melting layer does not exist (in winter season or within convective 
phenomena) the quality index equals 1. 

5.3 Data extrapolation onto the Earth surface 

Information available from VPR can be used for another quality correction algorithm, which 
is extrapolation of precipitation data from the lowest beam to the Earth surface, especially at 
longer distances over 80 km. The averaged VPR is estimated for distance to radar site in 
range from 30 to 80 km and then employed to extrapolate radar data from the lowest beam 
to the Earth surface (Šálek et al., 2004). A quality factor which describes the relevant quality 
index is the height of the lowest radar calculated from radar scan strategy, digital terrain 
map (DTM), and the radar coordinates. It strongly depends on terrain complexity and 
related radar beam blocking and is defined as a minimum height for which radar 
measurement over a given pixel is feasible. 

5.4 Orographic enhancement (seeder-feeder effect) 

Orographic enhancement is a result of so called seeder–feeder mechanism which is observed 
when ascent of air is forced by hills or mountains.  The low-level clouds formed in this way 
(feeder clouds) provide a moisture source that is collected by drops falling from higher 
clouds (seeder clouds). Radar is not able to capture the enhancement, which occurs close to 
the ground, as the measurement is performed at certain height over the hill. This effect can 
be estimated by 3-D physical model taking account of information from numerical weather 
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the Earth surface VPR-based correction Height of the lowest 

radar beam x x 

Orographic enhancement Physical model Magnitude of the 
enhancement x x 

Adjustment with rain 
gauge data 

Correction using rain 
gauge data 

Radar precipitation – rain 
gauge differences x x 

For accumulation: 
number of rate data – 

Temporal continuity of 
data (number of the 

products) 
 x 

For accumulation: 
averaged QI for rate data – Quality of included data 

(averaged QI)  x 

Table 2. Quality control algorithms (correction and characterization) for 2-D surface 
precipitation data (in order of implementation into the chain).  
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types of precipitation to be identified on the basis of dedicated algorithms, which is easier if 
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Improvement in precipitation rate R estimation is noticeable using dual-polarization 
parameters, especially for heavy rainfall. In addition to the horizontal reflectivity ZH available 
for single polarization radar, the specific differential phase KDP and the differential reflectivity 
ZDR can be applied (Bringi & Chandrasekhar, 2001). Typical forms of relationships for 
precipitation estimation are as follows: ( )DPR f K , ( , )H DRR f Z Z , ( , )DP DRR f K Z , and 

( , , )H DP DRR f Z K Z . These approaches for precipitation rate estimation are potentially 
unaffected by radar calibration errors and attenuation, unbiased by presence of hail, etc. 

5.2 Bright band phenomenon 

Vertical profile of reflectivity (VPR) provides very useful information for radar data quality 
control. An averaged VPR is suggested to be taken from radar pixels lying at distance 
between about from 30 to 80 km from radar site to obtain the profile valid for the whole 
range of heights (Franco et al., 2002; Germann & Joss, 2004; Einfalt & Michealides, 2008). The 
bright band is a phenomenon connected with the presence of the melting layer. It is 
assumed that the melting layer is placed in range from the 0°C isotherm down to 400 m 
below (Friedrich et al., 2006). The melting of ice precipitation into water drops and related 
overestimation of precipitation rate results in errors of ground precipitation estimation. The 
phenomenon is clearly visible in vertically pointing radar observations. For dual-
polarization radar a vertical profile of correlation coefficient (ρHV) is investigated instead of 
reflectivity profile analysis (Tabary et al., 2006). 

It is proposed that the relevant quality index equals 0 inside the melting layer due to bright 
band, and equals 0.5 for measurement gates above the layer (Friedrich et al., 2006). In the 
case when the melting layer does not exist (in winter season or within convective 
phenomena) the quality index equals 1. 

5.3 Data extrapolation onto the Earth surface 

Information available from VPR can be used for another quality correction algorithm, which 
is extrapolation of precipitation data from the lowest beam to the Earth surface, especially at 
longer distances over 80 km. The averaged VPR is estimated for distance to radar site in 
range from 30 to 80 km and then employed to extrapolate radar data from the lowest beam 
to the Earth surface (Šálek et al., 2004). A quality factor which describes the relevant quality 
index is the height of the lowest radar calculated from radar scan strategy, digital terrain 
map (DTM), and the radar coordinates. It strongly depends on terrain complexity and 
related radar beam blocking and is defined as a minimum height for which radar 
measurement over a given pixel is feasible. 

5.4 Orographic enhancement (seeder-feeder effect) 

Orographic enhancement is a result of so called seeder–feeder mechanism which is observed 
when ascent of air is forced by hills or mountains.  The low-level clouds formed in this way 
(feeder clouds) provide a moisture source that is collected by drops falling from higher 
clouds (seeder clouds). Radar is not able to capture the enhancement, which occurs close to 
the ground, as the measurement is performed at certain height over the hill. This effect can 
be estimated by 3-D physical model taking account of information from numerical weather 
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prediction model: wind speed, wind direction, relative humidity, temperature, as well as the 
topography of the region (Alpert & Shafir, 1989). Magnitude of such correction can be taken 
to determine related quality index. 

5.5 Adjustment with rain gauge data 

Weather radar-based precipitation may differ from “ground truth”, which can be locally 
estimated from rain gauge measurements, especially in close vicinity of the gauge. It is 
assumed that rain gauge measures precipitation exactly as its correction can be calculated 
(Førland et al., 1996), whereas radar provides information about space distribution. The idea 
is to use rain gauge information to improve radar data, as so called adjustment. The 
following solutions are proposed (Gjertsen et al., 2004): 

 Mean field correction is a simple method to make the radar measurements unbiased. 
The correction factor is calculated from comparison of the averaged radar observations 
over the whole considered area, and the analogical averaged rain gauge measurements. 
The mean field bias can be calculated from historical data set or dynamic time-window. 
The last method allows to take into consideration variability in precipitation 
characteristics with time, but the time-period of the dynamic window cannot be too 
short due to requirement of data representativeness. 

 Other methods of radar precipitation correction employ the distance to radar site L as 
the predictor apart from rain gauge information. Correction factor C can be expressed 
as e.g. polynomial relationship in form proposed by Michelson et al. (2000): 

 2C aL bL c    (10) 

where a, b, and c are the empirically estimated parameters of the equation. 
 More advanced methods based on multiple regression involve more predictors which 

play significant role in precipitation estimation. Especially in mountainous terrain the 
distance to radar site turned out not sufficient because of strong influence of beam 
blockage and shielding. Additional predictors can be height of the lowest radar beam, 
height above sea level, etc. 

Quality index related to the adjustment with rain gauge data can be determined from 
magnitude of the correction. 

5.6 Quality factors for precipitation accumulation 

The following quality factors for precipitation accumulation can be considered: 

 Number of precipitation rate products. Accumulated precipitation field is composed from a 
certain number of discrete radar measurements. The number of precipitation rate 
products included into the given precipitation accumulation can be used to calculate a 
related quality index. Lack of one or more products during the accumulation period 
results in a significant decrease of quality. Moreover lack of the products one after the 
other results in much lower quality. 

 Averaged quality index from precipitation rate products is computed as a mean from all values 
of quality indices for precipitation rates (e.g. maximally seven for 10-minute time 
resolution and 1-hour period of accumulation) that are aggregated into the accumulation.  
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5.7 Combination: weather radar precipitation – rain gauges  

The combination of radar precipitation and rain gauge data is treated as the next stage in 
precipitation field estimation: the adjustment is considered as the radar data correction, 
whereas the result of combination is not corrected radar data, but precipitation estimated 
from larger number of data sources. 

The measurement techniques such as rain gauges, weather radar, and satellite are 
considered as independent ones, which provide rainfall information with different error 
characteristics. Rain gauges are assumed to measure precipitation directly with good 
point accuracy. However in the case of rather sparse network density, the number of rain 
gauges might not be sufficient to successfully reproduce spatial variability of 
precipitation. On the other hand weather radar is capable of reflecting the spatial pattern 
of rainfall with high resolution in time and space over a large area almost in the real-time. 
Nevertheless radar data are burdened with non-negligible errors: both non-
meteorological and meteorological. Therefore, merging these two sources of information 
could lead to improvement in precipitation estimation. As a consequence, several 
methods have been developed to estimate rainfall field from radar- and raingauge-driven 
data.  

One of them is a geostatistical approach, where spatially interpolated rain gauge data and 
radar field are combined employing the Cokriging technique (Krajewski, 1987). However 
the need for estimation of required empirical parameters might be crucial and may lead to 
significant errors. Velasco-Forero et al. (2004) tested different Kriging estimators (ordinary 
Kriging, Kriging with External Drift, Cokriging and Collocated Cokriging) to produce 
merged field from raingauge observations and radar data. Kriging with External Drift 
technique turned out to give the best final field. 

In another approach (Todini, 2001) Kalman filtering is applied to optimally combine data 
from the two sensors (rain gauge network and weather radar) in a Bayesian sense.  
Radar field taken as the a priori estimate and the block Kriging of the raingauge 
observations treated as the measurement vector enable to find the a posteriori estimate of 
precipitation.  

As it was pointed out, radar data is considered to be better than rain gauge network in 
reproduction of spatial distribution, whereas rain gauges measure precipitation accurately 
in their locations. This observation is a starting point in a technique proposed by Sinclair 
& Pegram (2005) in which the radar information is used to obtain the correct spatial 
structure of the precipitation field, while the field values are fitted to the raingauge 
observations. 

5.8 Example of QI data 

An example of the QI scheme application implemented in Institute of Meteorology and 
Water Management (IMGW) is presented below. Polish weather radar network POLRAD 
consists of eight C-Band Doppler radars of Gematronik with Rainbow software for basic 
processing of data. In Figure 3 an example of precipitation composite for selected event is 
presented together with quality index QI obtained from the aforementioned quality factors 
(Table 2) using additive scheme (Equation 2b). 
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over the whole considered area, and the analogical averaged rain gauge measurements. 
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The last method allows to take into consideration variability in precipitation 
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the predictor apart from rain gauge information. Correction factor C can be expressed 
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where a, b, and c are the empirically estimated parameters of the equation. 
 More advanced methods based on multiple regression involve more predictors which 

play significant role in precipitation estimation. Especially in mountainous terrain the 
distance to radar site turned out not sufficient because of strong influence of beam 
blockage and shielding. Additional predictors can be height of the lowest radar beam, 
height above sea level, etc. 

Quality index related to the adjustment with rain gauge data can be determined from 
magnitude of the correction. 

5.6 Quality factors for precipitation accumulation 

The following quality factors for precipitation accumulation can be considered: 

 Number of precipitation rate products. Accumulated precipitation field is composed from a 
certain number of discrete radar measurements. The number of precipitation rate 
products included into the given precipitation accumulation can be used to calculate a 
related quality index. Lack of one or more products during the accumulation period 
results in a significant decrease of quality. Moreover lack of the products one after the 
other results in much lower quality. 

 Averaged quality index from precipitation rate products is computed as a mean from all values 
of quality indices for precipitation rates (e.g. maximally seven for 10-minute time 
resolution and 1-hour period of accumulation) that are aggregated into the accumulation.  
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characteristics. Rain gauges are assumed to measure precipitation directly with good 
point accuracy. However in the case of rather sparse network density, the number of rain 
gauges might not be sufficient to successfully reproduce spatial variability of 
precipitation. On the other hand weather radar is capable of reflecting the spatial pattern 
of rainfall with high resolution in time and space over a large area almost in the real-time. 
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meteorological and meteorological. Therefore, merging these two sources of information 
could lead to improvement in precipitation estimation. As a consequence, several 
methods have been developed to estimate rainfall field from radar- and raingauge-driven 
data.  

One of them is a geostatistical approach, where spatially interpolated rain gauge data and 
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the need for estimation of required empirical parameters might be crucial and may lead to 
significant errors. Velasco-Forero et al. (2004) tested different Kriging estimators (ordinary 
Kriging, Kriging with External Drift, Cokriging and Collocated Cokriging) to produce 
merged field from raingauge observations and radar data. Kriging with External Drift 
technique turned out to give the best final field. 

In another approach (Todini, 2001) Kalman filtering is applied to optimally combine data 
from the two sensors (rain gauge network and weather radar) in a Bayesian sense.  
Radar field taken as the a priori estimate and the block Kriging of the raingauge 
observations treated as the measurement vector enable to find the a posteriori estimate of 
precipitation.  

As it was pointed out, radar data is considered to be better than rain gauge network in 
reproduction of spatial distribution, whereas rain gauges measure precipitation accurately 
in their locations. This observation is a starting point in a technique proposed by Sinclair 
& Pegram (2005) in which the radar information is used to obtain the correct spatial 
structure of the precipitation field, while the field values are fitted to the raingauge 
observations. 

5.8 Example of QI data 

An example of the QI scheme application implemented in Institute of Meteorology and 
Water Management (IMGW) is presented below. Polish weather radar network POLRAD 
consists of eight C-Band Doppler radars of Gematronik with Rainbow software for basic 
processing of data. In Figure 3 an example of precipitation composite for selected event is 
presented together with quality index QI obtained from the aforementioned quality factors 
(Table 2) using additive scheme (Equation 2b). 
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Fig. 3. Example of corrected field of precipitation rate (on the left) (composite from 5 August 
2006, 03 UTC, when 7 from 8 weather radars were running) and resulting averaged quality 
index QI (on the right) (Szturc et. al., 2011). 

The final quality index QI field depends on all quality factors included in the scheme. The 
most significant ones are height of the lowest radar beam, especially for places at longer 
distances to the nearest radar site and in mountainous areas (the zero-quality area south-
west of the right map), and precipitation field variability (calculated analogically to the 
related 3-D algorithm) that follows the pattern of the precipitation field to some degree. It is 
noticeable that some quality factors are related to the precipitation field, whereas other fields 
are static if the set of running radars is constant, as they depend on radar locations only.  

6. Conclusions 
Weather radar data before being applied by the end-users must be quality controlled at all 
data processing stages. The main stages are generation of 3-D data (volumes) and then 
specialized 2-D data (products) dedicated to certain groups of the end-users. At first, the 3-D 
data should be corrected as they constitute the information source for generation of radar 
products. The corrections that are related to specific products should be made at the next 
stage – 2-D data processing. Due to numerous radar errors various correction techniques 
must be employed, moreover radar hardware limitations determine application of particular 
corrections. First of all dual-polarization radars, which will be a standard in the near future, 
open up new possibilities. 

In quality control of radar data apart from the data correction, information about the data 
uncertainty plays also a key role. The high importance of radar data quality characterization 
is appreciated not only by radar people (meteorologists, hydrologists, etc.) but by end-user 
communities as well. Dealing with such quality information is a difficult task, however it is 
crucial for risk management and decision-making support.  

For these reasons the quality control of radar data is becoming an essential task in weather 
radar data generation and processing. It has been a main subject of many international 
programmes, especially: the COST Action 731 (“Propagation of uncertainty in advanced 
meteo-hydrological forecast systems”, 2005-2010), the EUMETNET OPERA (“Operational 
Programme for the Exchange of Weather Radar Information”, from 1999), the BALTRAD 

 
Quality Control Algorithms Applied on Weather Radar Reflectivity Data 

 

303 

(“An advanced weather radar network for the Baltic Sea Region: BALTRAD”, Baltic Sea 
Region Programme, 2009-2014), the WMO programme RQQI (“Radar Quality Control and 
Quantitative Precipitation Intercomparisons”, from 2011), etc. In the frame of the projects 
some recommendations are being developed, that will ensure harmonisation of practices in 
particular national meteorological services.  
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1. Introduction 
The effect of atmospheric propagation on radar observations is an important topic both for 
radar application developers and end-users of radar products, particularly of weather radar 
systems. An excellent review of this subject is given by Patterson (2008), and most general 
books about weather radars have a chapter on the topic –see for example Battan (1973), 
Collier (1996), Doviak and Zrnic (2006), Rinehart (2001) or Sauvageot (1991). 

In this chapter our objective is to provide an overview of the effects of anomalous 
propagation conditions on weather radar observations, based mostly on studies performed 
by the authors during the last decade, summarizing results from recent publications, 
presentations, or unpublished material. We believe this chapter may be useful as an 
introductory text for graduate students, or researchers and practitioners dealing with this 
topic. Throughout the text a spherical symmetric atmosphere is assumed and the focus is on 
the occurrence of ground and sea clutter and subsequent problems for weather radar 
applications. Other related topics such as long-path, over-the-horizon propagation and 
detection of radar targets (either clutter or weather systems) at long ranges is not considered 
here; however readers should be aware of the potential problems these phenomena may 
have as range aliasing may cause these echoes appear nearer than they are – for more details 
see the discussion about second trip echoes by Zrnic, this volume. 

Despite the motivation and results shown here are focused on ground-based weather radar 
systems (typically X, C or S band radars, i.e. cm-radars), a large part of these results are 
applicable to other types of radar, in fact also to micro-wave links or, in general terms, for 
propagation of electromagnetic waves in the atmosphere. As discussed in detail below, the 
main effect of anomalous propagation on weather radar observation is a lower height of the 
observed echoes than expected in normal conditions. This may imply an increase of ground 
clutter or, for radars operating near the coast, an increase of sea clutter, which will be hardly 
corrected by the standard Doppler filtering, affecting inevitably precipitation estimates. 

This chapter is organized as follows. Section 2 introduces the fundamental concepts of 
refractivity and modified refractivity and the various propagation conditions associated with 
refractivity profiles. Section 3 presents some results on propagation condition variability, and 
Section 4 focuses specifically upon the impact of that variability on radar beam blockage 
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corrections and subsequent precipitation estimates. Section 5 deals with the topic of 
propagation conditions forecasting and Section 6 presents a method to correct the effects of 
intense anomalous propagation conditions on weather radar precipitation estimates using 
satellite observations. Finally Section 7 provides a summary and concluding remarks. 

2. Weather radar beam propagation conditions 
This section presents qualitatively the different propagation regimes affecting the radar beam 
refraction. By radar beam we mean the energy emitted (and received) by the radar, limited by 
the half-power (3 dB) antenna main lobe (see Zrnic, this volume, for more details). In the 
vacuum, as in any media with constant index of refraction, a radar beam follows a straight 
trajectory. But in the atmosphere the index of refraction changes and therefore the variation of 
the air refractive index plays a key role when characterizing the propagation conditions of a 
radar beam in the troposphere, i.e. the lowest part of the atmosphere. In particular, the vertical 
profiles of the air temperature, moisture and pressure are mostly responsible for the way the 
radar energy will propagate in a given air layer. A number of assumptions on these vertical 
profiles are usually made, assuming the so-called "standard” or normal propagation 
conditions which are associated with the average state of the atmosphere accepted as the most 
representative, as discussed below. Under those conditions, the radar beam bends downward 
with a radius of curvature greater than that of the Earth surface. Consequently, the net effect is 
an increase of the height of the centre of the beam with respect to the ground as the distance 
from the radar increases (in Section 4 the equation for the radar beam height is given).  

However, due to the inherent variability of the atmosphere, it is a well-known fact that 
propagation conditions may differ, sometimes significantly, from those considered standard 
resulting in anomalous propagation (AP). As illustrated schematically in Fig. 1, 
subrefraction causes the radar beam to bend less than usual, and therefore follows a higher 
trajectory than in normal conditions. Super refraction of a weather radar beam produces 
more bending towards the ground surface than expected for standard conditions and 
therefore increases and intensifies ground clutter echoes (AP or anaprop echoes). An 
extreme case of superrefraction, known as ducting, occurs when the beam has a curvature 
smaller than that of the Earth surface. 

 
Fig. 1. Radar beam propagation conditions (adapted from US NOAA National Weather 
Service, introductory radar tutorial, “Doppler radar beams”, 
http://www.srh.noaa.gov/jetstream/doppler/beam_max.htm ). 
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Note that the term AP literally means “anomalous propagation” but AP echoes are 
associated with superrefraction and ducting, not to subrefraction. The occurrence of AP 
echoes may be particularly negative for automated quantitative precipitation estimates 
(QPE) such as those required for operational weather surveillance and hydrological flood 
warning. On the other hand, it should be noted that ducting may occur not only in the 
lowest air layer (surface ducting) as represented in Fig. 1d, but also on an elevated layer 
above which there is normal refraction. In that case, the duct (known as elevated duct), may 
trap the radar energy for a long distance without producing evident signs – AP echoes. 

Figure 2 illustrates the effect of AP echoes on weather radar observations. It shows two 
radar reflectivity Plan Position Indicator (PPI) images recorded by the weather radar of the 
Meteorological Service of Catalonia located in Vallirana (41º22’N, 1º52’E, about 20 km west 
of Barcelona). The PPIs were obtained in two different days, one with normal propagation 
conditions, and the other under superrefraction conditions; none on those images show real 
precipitation, only ground and sea clutter. To see more clearly the change in AP echoes no 
Doppler filtering was applied to these images. In Fig. 2b arrows indicate some of the new or 
intensified AP echoes, either ground clutter (southernmost arrow pointing to the coast, or 
easternmost arrow pointing to the small island of Minorca), or sea clutter (around the centre 
of the image). PPI images corresponding to Fig. 2b where Doppler filtering was applied 
reduced largely AP ground clutter but not sea clutter, or other moving targets such as wind 
turbines, which may yield spurious hourly accumulations exceeding 50 mm. 

 
Fig. 2. Radar reflectivity base PPI images (0.6º) with no Doppler filtering showing ground 
and sea clutter on a normal propagation day (a) and a superrefractive day (b). Arrows 
indicate new or more intense AP echoes. 

Despite the fact that AP echoes may be detected and cleaned with several techniques, this does 
not prevent that radar observations may be affected because of the difference between their real 
height and that expected assuming standard conditions. If this difference is important enough 
for a given application, any procedure which requires a precise knowledge of the echo altitude 
may be potentially affected by AP. For example, if radar data (either echo intensity or Doppler 
winds) are to be assimilated in a NWP model or if the radar echo intensity is corrected for beam 
blockage due to mountain sheltering (Bech et al., 2003), the effect may be relevant. 
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corrections and subsequent precipitation estimates. Section 5 deals with the topic of 
propagation conditions forecasting and Section 6 presents a method to correct the effects of 
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satellite observations. Finally Section 7 provides a summary and concluding remarks. 
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2.1 Refractivity N 

As anomalous propagation is due to relatively small variations of the air refractive index n, 
the magnitude known as refractivity N, defined as one million times n-1, is commonly used 
in anaprop studies. As shown by Bean and Dutton (1968), or more recently in ITU (2003), N 
can be written as: 

 6 77.6 4810( 1)10 eN n p
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where T is the air temperature (K), p atmospheric pressure (hPa), and e is the water vapour 
pressure (hPa). According to ITU (2003), this expression may be used for all radio 
frequencies; for frequencies up to 100 GHz, the error is less than 0.5%. This formula takes 
into account only air gases and does not consider liquid water content (usually with 
negligible effects), or free electron density (important for high atmospheric altitudes, 
typically above 60 km). 

Note that N is a dimensionless magnitude, though quite often the term “N units” is 
employed. N is sometimes considered the sum of two different terms of (1): the dry term, Nd, 
which depends only on p and T, and the wet term, Nw, which is also function of e, i.e. is 
related to moisture content. Typical values of N of air at ground level are within the range 
250 to 450. 

2.2 Modified refractivity M 

A magnitude related to N is the modified refractivity M, which is defined as: 
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where z is altitude and r is the radius of the Earth, expressed in meters (m). Modified 
refractivity is very useful to characterize propagation conditions as for constant M the 
curvature of the ray path is that of the Earth's surface and, therefore, when there are 
negative M vertical gradients the ray path may be bent towards the surface and then radio 
waves get trapped like in a wave guide (ducting). Based on M gradients, Johnson et al. 
(1999) suggested the use of a ducting index, with positive values proportional to the 
probability of occurrence of ducting.   

2.3 Propagation conditions 

Propagation characteristics may vary largely, depending for instance on the type of air mass 
(Gossard, 1977). When characterizing the radio propagation environment it is usual to 
consider the vertical refractivity gradient (VRG) of the air of the first kilometre above 
ground level to estimate propagation effects such as ducting, surface reflection and 
multipath on terrestrial line-of-sight links. However, the effect on weather radar beam 
refraction not only depends on the refractivity gradient of a layer but also on the angle of 
incidence between the beam and the trapping layer considered or the frequency of the 
electromagnetic wave (ITU, 2003). In the following paragraph, specific VRG values are given 
for the propagation conditions described earlier qualitatively. 
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For weather radar applications, if the vertical refractivity gradient of the first kilometre 
(VRG) of the atmosphere is around –1/4r (i.e. –39 N units km-1 or 118 M units km-1, where r 
is the Earth’s radius) then standard propagation will occur for any angle of incidence 
(Doviak and Zrnic, 2006). An increase in VRG bends the radar beam more slowly than 
normal (subrefraction) and reduces the microwave radar horizon. With regard to ground 
clutter echoes, subrefraction implies a decrease in their frequency and intensity. On the 
other hand, a decrease in VRG generates the opposite effect, bending the beam faster than 
normal (super refraction) for the interval between (typically) –78.7 km-1 and –157 km-1 (the 
threshold to distinguish between standard propagation and superrefraction varies in the 
literature around 80 km-1). Trapping, or ducting, the most extreme case of anomalous 
propagation, occurs for values lower than –157 km-1, and in this case the microwave energy 
may travel for long distances before intercepting ground targets producing anomalous 
propagation (i.e., anaprop or AP) echoes. In fact the exact threshold for ducting depends on 
the precise local value of the Earth radius, which means that it is not a constant value (for 
example varies with latitude) – see Table 1 for a summary of ranges of refractivity and 
modified refractivity gradients for different propagation conditions. As a reference, the two 
examples of radar images shown in Fig. 2 were recorded with VRGs of –43 and –112 km-1. 
 

Characteristic dN/dZ (km-1) dM/dZ (km-1) 
Subrefraction (0,+) [157, +) 
Normal (–79,0] (157, 79) 
Superrefraction [–79,–157) [79,0) 
Ducting [–157, –) [0,–) 

Table 1. Effects upon propagation under different ranges of dN/dZ and dM/dZ (adapted 
from Bech et al. 2007a). 

On the other hand, a careful analysis of the fluctuation of target reflectivity may be a way to 
monitor variations in atmospheric conditions (changes in moisture content, etc.) as shown 
by Fabry et al. (1997). Subsequent research from that work triggered new interest in the 
analysis and characterization of refractivity profiles near ground level – see for example 
Park & Fabry (2011). 

Superrefraction and ducting in particular, is usually associated with temperature 
inversions or sharp water vapour vertical gradients. During cloudless nights, radiation 
cooling over land favours the formation of ducts which disappear as soon as the sun heats 
the soil surface destroying the temperature inversion. This process may be sometimes 
clearly observed in the daily evolution of clutter echoes, as reported by Moszkowicz et al. 
(1994) and others. 

3. Propapagation condition variability 
As radiosoundings have been traditionally the only source of upper air information 
available on a routine basis, they have been used for years to calculate long term averages of 
propagation conditions –see, for example, Gossard (1977) or Low and Huddak (1997)–. Since 
1997, radiosonde observations have been made in Barcelona to support the operations of the 
regional government's Subdirectorate of Air Quality and Meteorology, which later became 
the Meteorological Service of Catalonia. 
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where z is altitude and r is the radius of the Earth, expressed in meters (m). Modified 
refractivity is very useful to characterize propagation conditions as for constant M the 
curvature of the ray path is that of the Earth's surface and, therefore, when there are 
negative M vertical gradients the ray path may be bent towards the surface and then radio 
waves get trapped like in a wave guide (ducting). Based on M gradients, Johnson et al. 
(1999) suggested the use of a ducting index, with positive values proportional to the 
probability of occurrence of ducting.   

2.3 Propagation conditions 

Propagation characteristics may vary largely, depending for instance on the type of air mass 
(Gossard, 1977). When characterizing the radio propagation environment it is usual to 
consider the vertical refractivity gradient (VRG) of the air of the first kilometre above 
ground level to estimate propagation effects such as ducting, surface reflection and 
multipath on terrestrial line-of-sight links. However, the effect on weather radar beam 
refraction not only depends on the refractivity gradient of a layer but also on the angle of 
incidence between the beam and the trapping layer considered or the frequency of the 
electromagnetic wave (ITU, 2003). In the following paragraph, specific VRG values are given 
for the propagation conditions described earlier qualitatively. 
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Results presented below were derived from observations collected from Vaisala RS-80 
sondes (from 41.38ºN, 2.12ºE and 98 m asl) which sampled every 10 s providing much 
higher vertical resolution than the usual standard operational radiosounding observations. 
This allowed better characterization of the air refractive index variability and the detection 
of thinner super refractive layers that may not be detected by standard radiosounding 
observations but may have significant effects in the propagation of the radar beam. Most 
results presented in this and the next section, are based on data collected between 1997 and 
2002, at 00 and 12 UTC in Barcelona (Bech et al., 1998, 2000, 2002). From the original 2485 
radiosoundings available, 86% passed the quality control process (based both in data format 
and content analysis, adapted from Météo-France, 1997). 

3.1 Surface refractivity 

Surface refractivity is an important factor in radiometeorology; it appears in the refractivity 
exponential model and is one of the terms used in the standard computation of the VRG 
(ITU, 2003). Table 2 shows Barcelona Ns statistics. 
 

00Z        
MONTH Mean St_dev Min P25 P50 P75 Max 
J 315 8 291 310 315 320 335 
F 317 10 293 309 318 325 334 
M 316 10 296 310 319 323 334 
A 320 10 292 314 322 329 335 
M 329 13 294 319 332 339 351 
J 341 13 297 334 343 350 366 
J 347 15 302 336 351 357 372 
A 354 15 303 346 355 364 382 
S 344 13 309 338 345 354 371 
O 336 14 305 326 335 347 367 
N 316 13 286 309 314 321 367 
D 313 11 284 305 312 318 339 
Total 00Z 330 19 284 315 328 346 382 
12Z        
MONTH Mean St_dev Min P25 P50 P75 Max 
J 312 10 286 305 311 317 340 
F 309 11 284 302 310 317 331 
M 316 12 292 306 316 324 342 
A 313 13 268 306 315 324 336 
M 326 13 300 316 328 336 352 
J 335 13 285 326 338 344 367 
J 341 16 265 332 341 352 388 
A 344 16 298 331 345 356 369 
S 337 17 300 322 340 350 368 
O 328 15 299 316 327 340 359 
N 312 12 283 305 311 319 348 
D 311 11 278 303 310 318 338 
Total 12Z 325 18 265 312 324 339 388 
Total        
00Z & 12Z 327 19 265 313 325 341 388 

Table 2. Ns statistics for Barcelona calculated from 00Z and 12Z data. 
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It may be noted that nocturnal Ns values were lower than noon values (about 5 N units in 
the monthly means) and also the existence of a marked seasonal pattern with a peak in 
August and a minimum in December. This yearly cycle may be explained by examining the 
behaviour of the magnitudes considered in the computation of refractivity and also by 
considering separately the dry and wet terms (Fig. 3). 

 
Fig. 3. Evolution of surface refractivity (Ns) and the wet (Nw) and dry terms (Nd) over 
Barcelona (Bech, 2003). 

Monthly variations of these magnitudes show different behaviours. While the temperature 
follows a very clear seasonal pattern (highs in summer and lows in winter, as expected), in 
the case of the pressure it is much weaker (approximately winter maxima and summer 
minima). The humidity, changing constantly throughout the year, exhibits no apparent 
pattern. These behaviours are reflected in the evolution of Nd and Nw. The first one, 
proportional to pT-1, is nearly constant with maxima in summer and minima in winter; the 
second, proportional to eT-2, is much more variable (because of e) but maxima and minima 
are swapped with respect to Nd (because of T-2). Therefore, Nw, which represents about 30% 
of N, contributes mostly to its variation: at short scale, it adds variability and also, at 
monthly scale, modulates the summer maximum and winter minimum cycle which is 
slightly compensated by the opposite cycle shown by Nd. 

Surface refractivity distributions in Barcelona are shown in Fig. 4, exhibiting larger 
variations at 12 UTC (aprox. 265 – 385) than at 00 UTC. 

 
Fig. 4. Surface refractivity distributions at 00 and 12 UTC in Barcelona. 
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3.2 Vertical refractivity gradient 

Vertical refractivity gradient in the first 1000 m (VRG) exhibits, like Ns, lower values for 
night conditions and a similar seasonal pattern both in the 00 Z & 12 Z data (Fig. 5). 

 
Fig. 5. Box-whisker plots of VRG in Barcelona for 00 Z and 12 Z data. 

These box plots show that in summer not only there is a minimum monthly median value 
(August), but also that the interquartile range (IQR) is increased compared to cold months. 
Another significant feature is that outliers seldom represent subrefractive events but are 
quite common for superrefraction; besides, they appear almost at any month, in particular 
for 12Z data. A similar behaviour is observed using 2 years of radiosonde data recorded at 
several northern latitude observatories (Fig. 6). 

 
Fig. 6. Box-whisker plots for several Norwegian radiosonde sites showing 00 Z (clear boxes) 
and 12 Z (dark boxes) data. Adapted from Bech et al. (2007b). 
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The yearly minima of VRG, below –80 km–1 sometimes reaching –120 km–1 (maximum 
superrefraction), at the end of the warm season is also appreciated in the VRG time series 
plot of Barcelona shown in Fig. 7. 

 
Fig. 7. Time series plot of VRG (N units km-1) for the period 2000-2006 in Barcelona. 

The seasonal pattern noted in Barcelona is already indicated in the VRG World Wide maps 
prepared by the International Telecommunications Union (ITU, 2003). In particular, in 
August, an area of maximum superrefraction affects the Western Mediterranean region, 
comparable in intensity to the maximum above the SW Pacific coast of N. America, and 
somewhat weaker than the Arabian Peninsula –where the world maximum is located for 
that month–. Using the Historical Electromagnetic Propagation Condition Data Base from 
the US Naval Systems Ocean Center (Patterson, 1987) a comparison with ten radiosonde 
stations located in the area was performed. Median monthly values allowed to check similar 
patterns both in Ns and VRG. A related study was carried out recently by Lopez (2009) 
using global analysis data from the European Centre for Medium-range Weather Forecasts 
(ECMWF) to assess the occurrence of superrefraction, or with a similar approach, but at a 
local scale, by Mentes and Kaymaz (2007) in Turkey, or Mesnard and Sauvageot (2010) in 
France. 

The frequency and cumulative probability distributions for Barcelona VRG are shown in Fig 
8. A similar unimodal left skewed pattern, with stepper slopes for higher VRG values 
(tending to super refraction), is shown for both 00 and 12 Z data. However, modal values 
are very near the nominal standard propagation value of -40 N units/km (-49 N units/km at 
night and -42 N/km units at noon). 

 
Fig. 8. Frequency and cumulative probability distributions for the Barcelona VRG. 
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3.2 Vertical refractivity gradient 
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Fig. 5. Box-whisker plots of VRG in Barcelona for 00 Z and 12 Z data. 
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The yearly minima of VRG, below –80 km–1 sometimes reaching –120 km–1 (maximum 
superrefraction), at the end of the warm season is also appreciated in the VRG time series 
plot of Barcelona shown in Fig. 7. 

 
Fig. 7. Time series plot of VRG (N units km-1) for the period 2000-2006 in Barcelona. 
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The relationship between surface refractivity and the vertical refractivity gradient for the first 
kilometre was investigated during the sixties for data collected in the UK (Lane, 1961) and the 
US (Bean and Dutton, 1968). In both cases a high correlation was found for monthly averages 
of both magnitudes. For the data set collected in Barcelona, a correlation of 0.9745 was found. 

3.3 Anaprop echo variability 

Quality control procedures for QPE have traditionally dealt with anaprop and, in general, 
clutter echoes (see, for example, Anderson et al., 1997; Archibald, 2000; da Silveira and Holt, 
1997; Fulton et al., 1998; Joss and Lee, 1995; Kitchen et al., 1994; Sánchez-Diezma et al., 2001, 
Steiner and Smith, 2002; Szturc et al., in this volume; and Villarini and Krajewski, 2010, 
among others). 

Fornasiero et al. (2006a, 2006b), studied AP echoes occurrence in two radars in the Po Valley, 
Italy, with a methodology developed by Alberoni et al. (2001). With a three year dataset, they 
examined the seasonal variability of AP echoes in the diurnal cycle (Fig. 9). 

 
Fig. 9. Mean percentage of anaprop clutter detected. The average is calculated for each hour 
during the time range 1 January 2002–31 December 2004 for San Pietro Capofiume (a) and 
for Gattatico radar (b) in the Po Valley, Italy (adapted from Fornasiero et al. 2006a). 

They found that in the warm season there were more AP echoes (reaching nearly 20% of the 
time) with a maximum in the late evening and a secondary maximum at noon, probably 
associated with local circulations such as sea breeze. In winter the variability was much 
lower and AP echoes were generally below 5%. These results were helpful to characterize 
the incidence of AP in precipitation estimates and to design an adequate quality control 
procedure. 

4. Radar beam blockage and propagation conditions 
In this section the effect of propagation conditions on beam blockage corrections is 
described. This type of correction is a classical post-processing step applied to radar 
reflectivity measurements in order to obtain quantitative precipitation estimates in hilly 
terrain. A particular implementation of this correction developed during the COST 717 
action (Rossa 2000) is described. 
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4.1 Radar beam blockage 

Weather radars installed in complex orographic areas may suffer from partial or total beam 
blockage caused by surrounding mountains. This effect can restrict seriously the use of the 
lowest antenna elevation angles which typically provide the most useful information for 
precipitation estimation at ground level – see for example Joss and Waldvogel (1990), 
Sauvageot (1994), Collier (1996), or Smith (1998) among others. Therefore, in hilly terrain, 
beam blockage correction schemes are needed to minimize the effect of topography if 
quantitative precipitation estimations (QPE) are required. Such corrections are usually 
included in operational QPE procedures as can be seen in, for example, Crochet (2009), 
Harrold et al. (1974), Kitchen et al. (1994), Joss and Lee (1995), or Fulton et al. (1998) and may 
be combined with correction techniques based in the analysis of the 3-D echo structure 
(Krajewski and Vignal, 2001; or Steiner and Smith, 2002). 

The idea that assuming normal propagation conditions for radar observations may not always 
be a good choice and the use of local climatological refractive data for a specific radar site was 
already proposed, for example, in the COST 73 Project (Newsome, 1992) and, in a different 
context, evaluated by Pittman (1999) to improve radar height measurements. In this section the 
effect of changing the radar beam propagation conditions upon an ordinary single polarization 
reflectivity blockage correction is described – note that polarimetric radars allow other type of 
corrections (Giangrande and Ryzhkov 2005; Lang et al. 2009). A simplified interception 
function is proposed to simulate beam blockage and particular results for the Vallirana 
weather radar, located at 650 m above sea level near Barcelona (NE Spain) in a complex 
orography zone are obtained considering real atmospheric propagation conditions. 

4.2 Beam blockage simulation 

To describe in full detail the interception of the energy transmitted by the radar with the 
surrounding topography, a precise description of the antenna radiation pattern is required. 
As this pattern is rather complex, it is common to assume the usual geometric-optics 
approach and consider that the radar energy is concentrated in the main lobe of the radar 
antenna pattern (Skolnik, 1980). Then, when a radar beam intercepts a mountain, two 
situations are possible: 1) only part of the beam cross section illuminates the intercepted 
topography (partial blockage) or 2) the radar beam is completely blocked (total blockage). 
The percentage area of the radar beam cross section blocked by topography may be 
expressed as a function of the radius of the beam cross section, a, and the difference of the 
average height of the terrain and the centre of the radar beam, y (Fig. 10). 

 
Fig. 10. Elements considered in the radar beam blockage function: a, radius of the radar 
beam cross section,  y, difference between the centre of the radar beam and the topography, 
dy' differential part of blocked beam section and y' the distance from the center to dy'. 
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Depending on the relative position of the beam height respect to topography, y may be 
either positive or negative. According to these definitions, partial beam blockage occurs 
when –a < y < a, total beam blockage means that y ≥ a, and finally, y ≤ –a implies there is no 
blockage at all. Using the notation introduced above, it can be seen that integrating dy’ 
partial beam blockage, PBB, may be written as an analytical expression (Bech et al. 2003): 

On the other hand, the height of the centre of the radar beam, h, is given at a distance r by 
the expression (see, for example, Doviak and Zrnic, 2006):  

             22
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where R is the Earth's radius, ke is the ratio between R and the equivalent Earth's radius, θ 
the antenna elevation angle and H0 the antenna height. Information about atmospheric 
propagation conditions is contained in ke, which may be written in terms of the refractivity 
gradient as: 
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The usual value for ke in the first kilometre of the troposphere, assuming the normal VRG 
value of 40 km-1, is approximately 4/3. Substituting (5) and (4) in (3), an expression of the 
beam blockage in terms of the propagation conditions is obtained (Bech et al. 2003). 

Three clutter targets (MNT, LML and MNY), which presented partial beam blockage under 
normal propagation conditions, were chosen to examine the effects of changing the VRG. 
The Vallirana radar (41 22' 28'' N, 1 52' 52'' E) is a C band Doppler system with a 1.3 º beam 
width antenna at 3 dB. The targets chosen are normally used to check the radar antenna 
alignment on a routine basis and are located within the region of interest of radar QPE. 

The targets were located at different ranges, had different heights and showed different 
degrees of blockage, in order to be representative of the topography surrounding the radar. 
They are located in the so called Pre-coastal Range sharing a similar propagation 
environment and comparable to that obtained by the Barcelona radiosonde. For example the 
area considered is usually influenced by a marked sea-breeze circulation pattern, just like 
the city of Barcelona (Redaño et al., 1991). 

4.3 Beam blockage correction 

To evaluate the effects of anomalous propagation, the partial beam blocking correction 
scheme used in the NEXRAD Precipitation Processing System has been considered. This 
scheme (Fulton et. al, 1998) is applied to radar beams partially shielded. In particular, this 
type of beam blockage correction is applied to radar pixels (or radar bins) whose shielding 
ranges between 10% and 60% and it consists of modifying radar equivalent reflectivity 
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factor measurements by adding 1 to 4 dB depending on the degree of occultation. The 
correction is also applied to all pixels further out in range of the same blocked radar ray, 
neglecting diffraction below shadow boundary. The correction depends only on the 
percentage of beam cross section shielded and, in the description provided by Fulton et al. 
(1998), no specific mention is made about which part of the beam is shielded. This approach 
allows consideration of a simple interception function, as the one proposed in the previous 
section, assuming that the correction additive factors contain considerations about 
interception details such as the beam power distribution. This beam blockage procedure is 
used with other corrections such as a test on the vertical echo continuity and a sectorized 
hybrid scan (Shedd et al., 1991). Other approaches to this question with different degrees of 
sophistication have been used in the past (see for example Delrieu et al. 1995, Gabella and 
Perona 1998, Michelson et al. 2000, Park et al. 2009). All of them have in common the 
assumption of standard propagation conditions of the radar beam. 

4.4 Refractivity gradient vs beam blockage 

The radar beam blockage under a particular VRG can be simulated considering both the 
observed propagation conditions and the interception function described in the previous 
sections. This may be achieved by assuming an homogeneous VRG for the whole radar 
beam and calculating the associated beam blockage for each selected target for a given initial 
antenna elevation angle. 

In Fig. 11 a set of beam blockages vs VRG plots is shown for different antenna elevation 
angles. The refractivity gradient values considered contain the observed extreme VRG 
values (–119 km-1 and –15 km-1) and are also extended to include pure subrefraction (0 km-1) 
and almost ducting conditions (–156 km-1) to illustrate their effects. These extreme cases 
seem realistic taking into account the presence of thin ducting layers that may have high 
VRG embedded in others with lower VRG and considering the fact that the bending of the 
ray path is an additive process throughout the whole layer crossed by the radar beam. 

 
Fig. 11. Simulated beam blockage vs vertical refractivity gradient for targets MNT, (circle), 
LML (square) and MNY (triangle) at different antenna elevation angles. 

As expected, as the antenna angle increases, beam blockage is reduced. For example, for an 
antenna elevation of 0.7 º a relatively high beam blockage rate is expected as the lowest part 
of the main lobe in a 1.3º beam width antenna is pointing to the surrounding hills, 
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factor measurements by adding 1 to 4 dB depending on the degree of occultation. The 
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producing values of blockage ranging mostly between 30% and 80%. On the other hand, the 
1.3º elevation beam blockage values are mostly below 20% and for some targets are always 
null (no blockage at all) except for the most super refractive situations. 

In Fig. 12, target MNT, shows moderate (around 40%) to low (10%) rate of beam blockage, 
respectively (similar results were obtained for LML). On the other hand, we found that the 
most distant target, MNY, intercepted the radar beam mostly between 8% and 14%. The 
range of variations in the beam blockage observed in the above mentioned histograms 
oscillates from 8% (LML) and 10% (MNT) to 18% (MNY). From the cumulative probability 
plots obtained it may be noted that MNT and LML show single classes representing more 
than 50% while a more smoothed distribution is found for MNY. 

 
Fig. 12. Simulated beam blockage frequency and cumulative probability distributions (left) 
and the corresponding correction histograms (right) for 1º antenna elevation for target MNT. 

The corresponding correction histogram is also shown. Should the beam blockage correction 
have been a continuous function, where for a particular value of blockage a different 
correction factor would be applied, then the spread of the beam blockage histograms would 
have been reflected in the spread of the correction histograms. However, this is not the case 
for the particular type of correction considered where only four different correction values 
are possible depending on the beam blockage. Therefore, a big variability in the beam 
blockage occurrence does not necessarily produce the same variability in the blockage 
correction. An additional conclusion of this analysis (Bech et al. 2003) was that errors in 
beam blockage corrections derived from propagation variability were comparable to 
antenna pointing errors of 0.1º, which is a typical value for operational systems. This 
confirms the need for hardware calibration control and monitoring, particularly if 
quantitative precipitation estimates are required. 

4.5 Improved quantitative precipitation estimates 

The methodology proposed in the previous section to simulate the radar beam blockage by 
topography has been implemented to derive correction factors which were applied to improve 
precipitation estimates. For example Fornasiero et al. (2006b) performed corrections in 
different events, calculating specific corrections assuming both standard and non-standard 
propagation conditions and finding some improvement with the corrections. In Bech et al. 
(2007b, 2010a) results reported were carried out in the framework of the COST-731 action 
(Rossa et al. 2010) using the so-called BPM model (which implements the blockage function 
presented above. Larger data sets were considered for blockage corrections under standard 
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conditions and individual ducting events were examined in detail. Here we illustrate some of 
the results obtained assuming standard propagation conditions. 

Figure 13 shows details of Bømlo radar (59.5ºN, 5.1ºE) from the Norwegian Meteorological 
Service (met.no). A panorama from the radar site shows some of the hills which block the 
radar coverage (three of them are numbered). One year of precipitation, illustrating the 
blocked areas is also shown, as well as the correction factors computed with the BPM model. 
The improvement in the bias, defined here as 10 times the decimal logarithm of the ratio of 
gauge to radar derived precipitation amounts, is shown in Table 3. At all ranges the 
correction reduced the bias. 

 
Fig. 13. a). Southern view from the Bømlo radar in Norway; three of the surrounding hills 
are numbered and indicated on the other panels. b). One year of radar precipitation 
estimates, illustrating clearly the blocked sectors with less (or no) precipitation. c). Modelled 
blockage with the BPM system. Figure courtesy of Dr. Uta Gjertsen (met.no). 
 

Blockage 
(%) 

   Range (km)    
40-100 100–160 160–240 

0 2.3  (12) 5.2  (19) 11.2  (16) 
1–50 4.2 3.1 (16) 9.3 8.5 (26) 15.0 14.1 (70) 
50–70 8.6 6.0 (5) 14.4 11.8 (15) 21.4 18.2 (29) 

Table 3. Bias (dB) of uncorrected and blockage-corrected (bold) radar estimates from the 
Bømlo radar for 2004 grouped in different ranges. Sample size is in parentheses. Adapted 
from Bech et al. (2007b). 
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different events, calculating specific corrections assuming both standard and non-standard 
propagation conditions and finding some improvement with the corrections. In Bech et al. 
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conditions and individual ducting events were examined in detail. Here we illustrate some of 
the results obtained assuming standard propagation conditions. 

Figure 13 shows details of Bømlo radar (59.5ºN, 5.1ºE) from the Norwegian Meteorological 
Service (met.no). A panorama from the radar site shows some of the hills which block the 
radar coverage (three of them are numbered). One year of precipitation, illustrating the 
blocked areas is also shown, as well as the correction factors computed with the BPM model. 
The improvement in the bias, defined here as 10 times the decimal logarithm of the ratio of 
gauge to radar derived precipitation amounts, is shown in Table 3. At all ranges the 
correction reduced the bias. 

 
Fig. 13. a). Southern view from the Bømlo radar in Norway; three of the surrounding hills 
are numbered and indicated on the other panels. b). One year of radar precipitation 
estimates, illustrating clearly the blocked sectors with less (or no) precipitation. c). Modelled 
blockage with the BPM system. Figure courtesy of Dr. Uta Gjertsen (met.no). 
 

Blockage 
(%) 

   Range (km)    
40-100 100–160 160–240 

0 2.3  (12) 5.2  (19) 11.2  (16) 
1–50 4.2 3.1 (16) 9.3 8.5 (26) 15.0 14.1 (70) 
50–70 8.6 6.0 (5) 14.4 11.8 (15) 21.4 18.2 (29) 

Table 3. Bias (dB) of uncorrected and blockage-corrected (bold) radar estimates from the 
Bømlo radar for 2004 grouped in different ranges. Sample size is in parentheses. Adapted 
from Bech et al. (2007b). 
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5. Radar propagation condition forecasting 
This section deals with anomalous propagation forecasting using mesoscale numerical 
weather prediction models. It is illustrated with several examples, discussing capabilities 
and limitations found in this application. 

5.1 VRG forecasts 

Anticipating the occurrence of AP may be an advantage for monitoring purposes of radar 
quality control or to obtain a deeper understanding of processes related to anomalous 
propagation. Numerical Weather Prediction (NWP) systems provide the capability to obtain 
forecasts of propagation conditions from temperature and humidity forecast profiles in a 
similar way as they are obtained from radiosonde observations. Despite NWP systems allow 
to study anomalous propagation events with more spatial detail than that given by the 
synoptic radiosonde network, they have a number of accuracy limitations that may hamper 
the operational production of AP forecasts. For example Bech et al. (2007a) compared 4 
months of vertical refractivity gradient forecasts over Barcelona retrieved from numerical 
model output of the MASS system (Codina et al. 1997a, 1997b; Koch et al. 1985) with actual 
radiosonde observations and found a systematic bias of the model towards subrefraction 
(Fig. 14). 

In order to reduce the bias, a simple heuristic approach was suggested combining linearly 
model output and previous radiosonde observations. As illustrated in the Taylor diagram 
(Taylor, 2001) shown in Fig. 15, the modified forecasts, labelled here as H2b, H4b, H6b and 
H8b, produced better results in terms of RMS and correlation compared to the original 
forecasts (MASS). 

 
 
 
 

 
 
 
 

Fig. 14. Time series of Vertical Refractivity Gradient (VRG) over Barcelona from NWP–
derived forecasts (dashed line) and radiosonde–based diagnostics (solid line). 
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Fig. 15. Taylor Diagram of Vertical Refractivity Gradient VRG radiosonde observations 
(RAOB), original MASS forecasts, persistence of the observations and modified forecasts. 

5.2 AP case studies 

A number of anomalous propagation case studies examined with an electromagnetic 
propagation model with different degrees of sophistication and NWP data or simply with a 
radiosonde profile can be found in the literature, covering different geographic areas, such 
as Burk and Thompson (1997) in California, Atkinson et al (2001) over the Persian Gulf, or 
Bebbington et al. (2007) in the Mediterranean. Applications of this type of modelling tool 
include radar coverage computation (Haase et al. 2006), or even correction of improvement 
of radar data in NWP assimilation systems (Haase et al. 2007). 

Fig. 16 shows an example of AP case study for the Røst radar (met.no), where NWP data 
provided by the HIRLAM system provided better results, even 24 h forecasts, than actual 
radiosonde data, which in this case was not representative of the radar coverage 
environment. In Bech et al. (2007b) this and two other case studies were discussed, 
highlighting the quality of HIRLAM forecasts for examining and anticipating AP cases with 
the BPM model. 
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Fig. 16. Lowest unblocked radar coverage (top row) and beam blockage (middle) computed 
with radiosonde data (left column) and NWP-derived profiles (right column). The bottom 
panel shows actual radar observations, 6 July 2005 00 UTC (Røst radar, met.no). Adapted 
from Bech et al. (2007a). 

6. Detection and correction of AP echoes with satellite data 
Several studies have been reported regarding the use of satellite images to detect AP echoes, 
based on the simple approach of removing echoes in cloudless conditions. However, in 
practice this procedure is not as straight forward as might seem and requires substantial fine 
tuning to obtain a reasonable balance between false alarms and detection, particularly in 
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cloudy, and most importantly, rainy conditions. Some correction procedures to remove non-
precipitating echoes rely only on radar data (e.g. Berenguer et al. 2006, Sánchez-Diezma et 
al. 2001, Steiner & Smith, 2002) but others consider as well the use of satellite observations – 
see for example Michelson and Sunhede (2004), Bøvith et al. (2006) or Magaldi et al. (2009). 
In any case, quantitative applications of radar data such as thunderstorm tracking (Rigo et 
al., 2010), precipitation estimates (Trapero et al. 2009), or radar-based precipitation forecasts 
(Atencia et al., 2010), or even qualitative use of radar images by a non-specialized audience 
(as discussed in Bech et al. 2010b), clearly require the use of proper clutter filtering, 
particularly considering anomalous propagation. 

6.1 Methodology 

We summarize in this section the methodology proposed by Magaldi et al. (2009) to detect 
and remove AP echoes in radar images using satellite observations and NWP model data. 
They took advantage of the improved temporal and spatial resolution of the Meteosat 
Second Generation (MSG) satellite to update the procedure developed by Michelson and 
Sunhede (2004), based on the first generation of Meteosat satellites, and incorporated the use 
of enhanced precipitating cloud masks. Fig. 17 illustrates the basic idea behind the proposed 
methodology, showing a radar reflectivity image with real precipitation and clutter (in this 
case sea clutter, near the coast), the precipitating cloud mask associated, and the new image 
where clutter has been removed. 

 
Fig. 17. Illustration of the correction procedure of radar reflectivity echoes affected by clutter 
(left panel) with a precipitating cloud mask (centre panel) and the resulting cleaned radar 
image (Vallirana radar, 1 January 2004 14 UTC). 

The basic algorithm is shown on Fig. 18, where a data flow diagram showing the different 
processes involved is displayed. Analysis of radio propagation conditions with radiosonde 
(RAOB) data (vertical refractivity gradients below -80 km-1 or ducting index above 20) was 
used to select AP events. For those events, MSG satellite and NWP MASS model data were 
used to build precipitating cloud masks based on the SAF (SAF 2004, 2007; hereafter S) and 
Michelson and Sunhede (2004) algorithms (hereafter M). These masks were compared pixel 
by pixel with radar data, and non-precipitating pixels were removed in the final corrected 
radar data. 
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Fig. 18. Flow diagram showing the main processes involved in the algorithm to detect radar 
AP echoes with precipitating cloud masks derived from satellite images. Adapted from 
Magaldi et al. (2009). 

6.2 Results 

Using the SMC Vallirana radar (Fig. 17) and a network of 155 raingauges and manually 
edited radar data as verification data sets, Magaldi et al. (2009) tested the performance of 
this procedure for several case studies, considering the original uncorrected data (UC), and 
data corrected with the M and S algorithms, all compared against manually corrected data. 
They obtained statistics considering Percentage Correct (PC), False Alarm Rate (FAR), and 
Hanssen-Kuipers skill (HKS) scores - see Wilks (1995) for details. The HKS suggested that S 
performed better, despite for strong echoes M yielded lower false alarms (Table 4). 
 

Echo 
class 

Mean 
sample 

FAR PC HKS 
UC M S UC M S UC M S 

Weak 883713 0.34 0.28 0.21 78.12 92.65 96.59 0.80 0.74 0.96 
Strong 769162 0.25 0.07 0.37 73.12 94.21 95.81 0.88 0.87 0.80 
All 929055 0.30 0.22 0.27 75.55 93.16 96.35 0.83 0.78 0.90 

Table 4. Verification scores for different echo intensities (strong echoes are higher than 15 
dBZ; weak, the rest). 
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A larger data set of six months (January to July 2007) using the SMC Vallirana radar provided 
additional insight to the performance of this correction technique of AP echoes. It also allowed 
to evaluate the performance of the technique applied by Bøvith et al. (2006) which made use of 
cloud type information (SAF, 2011) as precipitating echo mask. A parallax correction (Vicente 
et al., 2002) was introduced in the mask in order to improve the matching between the two 
data types and, as seen in Table 5, substantial changes were found for some of the cloud types. 

Cloud type Precipitation 
frequency(%)

01.- Cloud free land 0.30
02.- Cloud free sea 0.40
03.- Snow/ice land 0.40
06.- Very low Cu. 0.60
08.- Low St. 3.48
10.- Medium St. 16.38
12.-High & opaque St. 30.85
14.- Very High & opaque St. 32.76
15.- Thin Ci. 0.99
16.-Moderate thick Ci. 1.68
17. Ci. above lower cloud 6.62
19.- Fractional cloud 0.63
20.-Holes 0.85

Cloud type Precipitation 
frequency(%)

01.- Cloud free land 0.64
02.- Cloud free sea 0.62
03.- Snow/ice land 0.41
06.- Very low Cu. 0.77
08.- Low St. 3.60
10.- Medium St. 15.30
12.-High & opaque St. 29.18
14.- Very High & opaque St. 31.90
15.- Thin Ci. 0.79
16.-Moderate thick Ci. 1.53
17. Ci. above lower cloud 6.80
19.- Fractional cloud 1.40
20.-Holes 0.00

CorrectedUncorrected

 
Table 5.  Precipitation frequency for Cloud type product using the parallax corrected (left) 
and uncorrected products (right), both generated using six months of SMC radar data 
(January-July 2007). 

7. Final remarks 
In this chapter, an overview of the effects of radio propagation conditions upon radar 
observations has been given. Though we have focused in ground-based weather radar systems, 
many of the concepts presented apply as well to other types of radar and applications. 
Particular emphasis has been given to aspects with potential impact on radar quantitative 
precipitation estimates, considering beam blockage corrections or anomalous propagation 
echoes detection and removal. These items should be considered in quality control for weather 
radars, particularly those operating in complex topography environments and located near the 
coast where anomalous propagation may affect dramatically radar observations.  
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In many countries the number of wind turbines is growing rapidly as a response to
the increasing demand for renewable energy. The cumulative capacity of wind turbines
worldwide has shown a near 10-fold increase in the last decade (Global Wind Energy Council,
2011) and in the coming years many more wind turbines are expected to be built. Existing,
older wind turbines are likely to be replaced by larger, next generation, turbines.

Modern wind turbines are large structures, many reach more than 150 m above the ground.
Clusters of densely spaced wind turbines, so called wind farms, are being built both on- and
offshore.

The continued deployment of wind turbines and wind farms is, however, not unproblematic.
Radar systems, for example, are easily disturbed by wind turbines. Interference caused by
wind turbines is more severe for many radar systems than interference caused by, for example,
masts or towers. This is due to the rotating blades of the wind turbines. Many Doppler
radars use a filter that removes echoes originating from objects with no or little radial velocity.
However, these filters do not work for moving objects such as the rotating blades of wind
turbines. Wind turbines located in line of sight of Doppler radars can cause clutter, blockage,
and erroneous velocity measurements, affecting the performance of both military- and civilian
radar systems.

Even though both radars and wind turbines have been in use for many decades it is only in
the last few years that the interference problem has received substantial attention. The reason
for this is simple; in recent years wind turbines have increased in number and size and at the
same time radar systems have become increasingly sensitive.

In this chapter we present a brief review of some of the work made to investigate the impact of
wind turbines on Doppler weather radars. Starting with a historical overview we outline the
evolution of wind turbines and early studies about their impact on Doppler radars in general
and Doppler weather radars in particular. Three major interference types for Doppler weather
radars are identified: clutter, blockage, and erroneous velocity measurements. Observations,
models, and mitigation concepts for all three interference types are discussed.

In particular, we present results from a study on average wind turbine clutter, based on
long time series of data. We show that modelling wind turbine clutter using the radar cross
section of a wind turbine can lead to erroneous results. We further argue that blockage due
to wind turbines is difficult to analyse using operational reflectivity data. An alternative way
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models, and mitigation concepts for all three interference types are discussed.
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section of a wind turbine can lead to erroneous results. We further argue that blockage due
to wind turbines is difficult to analyse using operational reflectivity data. An alternative way
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of studying blockage is discussed and results are presented. A simple blockage model is
described and its results are shown to agree with observations. Finally, examples of erroneous
wind measurements are shown and mitigation measures are discussed.

2. Background

2.1 Wind turbine development

Wind power technology dates back many centuries. In the 1st century A.D. Hero of
Alexandria described a simple wind wheel that could power an altar organ (Woodcroft, 1851).
It is, however, not clear whether this invention was ever constructed or put to use. The first
documented description of windmills that were used to perform irrigation and grinding grain
comes from the region of Sistan, Persia, in the 9th century (Shepard, 1990). By the 12th century
windmills were in use in Europe and in the following centuries they became increasingly
important for grinding grain and pumping water. It was only after the industrial revolution
their importance receded (Manwell et al., 2009).

Near the end of the 19th century the first wind turbines, used for the production of electricity,
were developed. James Blyth built a 10 m high, cloth-sailed wind turbine in Scotland in 1887
(Price, 2005) and Charles Brush constructed a 25 m high wind turbine in Cleveland, Ohio, in
1887–1888 (Anon., 1890). A few years later, in the 1890s, Poul la Cour constructed over 100
wind turbines to generate electricity in Denmark (Manwell et al., 2009). In the 1970s the rising
oil prices generated a renewed interest in wind power which led to serial production of wind
turbines.

The increasing demand for renewable energy sources in the 21st century led to a further
upswing for wind power. The pursuit of ever more powerful wind turbines lead to an
increase in rotor blade diameter. A large wind turbine in the early 1980s could have a rotor
diameter of 15 m and produce 55 kW whereas a large wind turbine in 2011 could have a rotor
diameter larger than 150 m and produce 7 MW. Figure 1 shows the rotor diameter and the
corresponding power produced by large wind turbines introduced on the market during the
period 1981–2011.

Since wind turbines not only have become increasingly powerful but also grown more
numerous during the last decades the global cumulative installed capacity has increased
exponentially (see Fig. 2). With the exception of year 2010 the global annual installed capacity
has increased monotonically since at least 1996 (cf. Fig. 2).

2.2 Wind turbine impact on Doppler radars

Wind turbines in the path of electromagnetic transmissions may cause interference by
scattering parts of the transmitted signal but also by modulating the transmission’s frequency.
Initial studies on wind turbine interference focused on television and radio transmissions and
showed that wind turbines could indeed cause interference to the reception of such signals
(see, e.g., Sengupta (1984); Sengupta & Senior (1979); Senior et al. (1977); Wright & Eng (1992)).

By the end of the 20th century and beginning of the 21st century a large number of wind
turbines had been installed and several investigations were conducted to analyse the impact
of wind turbines on military surveillance radars and civilian air traffic control radars (see, e.g.,

334
Doppler Radar Observations – 

Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications Doppler Weather Radars and Wind Turbines 3

1980 1985 1990 1995 2000 2005 2010
0

50

100

150

200

Year

R
o

to
r 

d
ia

m
e

te
r 

[m
]

1980 1985 1990 1995 2000 2005 2010
0

2

4

6

8

Year

P
o

w
e

r 
[M

W
]

Fig. 1. Rotor diameter (top) and power (bottom) for a selection of large wind turbines
introduced on the market during the period 1981–2011. Gray lines show superimposed
trends. Data from The Wind Power (www.thewindpower.net) and wind turbine
manufacturers’ homepages.
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Fig. 2. Global cumulative installed wind capacity (top) and global annual installed wind
capacity (bottom). Data from Global Wind Energy Council (2011).
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of studying blockage is discussed and results are presented. A simple blockage model is
described and its results are shown to agree with observations. Finally, examples of erroneous
wind measurements are shown and mitigation measures are discussed.

2. Background

2.1 Wind turbine development

Wind power technology dates back many centuries. In the 1st century A.D. Hero of
Alexandria described a simple wind wheel that could power an altar organ (Woodcroft, 1851).
It is, however, not clear whether this invention was ever constructed or put to use. The first
documented description of windmills that were used to perform irrigation and grinding grain
comes from the region of Sistan, Persia, in the 9th century (Shepard, 1990). By the 12th century
windmills were in use in Europe and in the following centuries they became increasingly
important for grinding grain and pumping water. It was only after the industrial revolution
their importance receded (Manwell et al., 2009).

Near the end of the 19th century the first wind turbines, used for the production of electricity,
were developed. James Blyth built a 10 m high, cloth-sailed wind turbine in Scotland in 1887
(Price, 2005) and Charles Brush constructed a 25 m high wind turbine in Cleveland, Ohio, in
1887–1888 (Anon., 1890). A few years later, in the 1890s, Poul la Cour constructed over 100
wind turbines to generate electricity in Denmark (Manwell et al., 2009). In the 1970s the rising
oil prices generated a renewed interest in wind power which led to serial production of wind
turbines.

The increasing demand for renewable energy sources in the 21st century led to a further
upswing for wind power. The pursuit of ever more powerful wind turbines lead to an
increase in rotor blade diameter. A large wind turbine in the early 1980s could have a rotor
diameter of 15 m and produce 55 kW whereas a large wind turbine in 2011 could have a rotor
diameter larger than 150 m and produce 7 MW. Figure 1 shows the rotor diameter and the
corresponding power produced by large wind turbines introduced on the market during the
period 1981–2011.

Since wind turbines not only have become increasingly powerful but also grown more
numerous during the last decades the global cumulative installed capacity has increased
exponentially (see Fig. 2). With the exception of year 2010 the global annual installed capacity
has increased monotonically since at least 1996 (cf. Fig. 2).

2.2 Wind turbine impact on Doppler radars

Wind turbines in the path of electromagnetic transmissions may cause interference by
scattering parts of the transmitted signal but also by modulating the transmission’s frequency.
Initial studies on wind turbine interference focused on television and radio transmissions and
showed that wind turbines could indeed cause interference to the reception of such signals
(see, e.g., Sengupta (1984); Sengupta & Senior (1979); Senior et al. (1977); Wright & Eng (1992)).

By the end of the 20th century and beginning of the 21st century a large number of wind
turbines had been installed and several investigations were conducted to analyse the impact
of wind turbines on military surveillance radars and civilian air traffic control radars (see, e.g.,
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Borely (2010); Butler & Johnson (2003); Davies (1995); Department of Defense (2006); Frye et al.
(2009); Jago & Taylor (2002); Lemmon et al. (2008); Ousbäck (1999); Poupart (2003); RABC &
CanWEA (2007); Sparven Consulting (2001); Summers (2001); Webster (2005a;b)). From these
and other studies it became clear that wind turbines in general cause three types of problems
for Doppler radars: clutter, blockage, and erroneous Doppler measurements.

• Clutter consist per definition of unwanted radar echoes. For a military surveillance radar
clutter can for example consist of precipitation echoes whereas for a weather radar echoes
from, e.g., aircraft are unwanted. Echoes from wind turbines are considered clutter by
most radars.

• Blockage occurs when obstacles such as buildings or terrain obscure the radar line of sight.
Measurements behind such obstacles become incomplete or non-existing. Wind turbines
located near a radar may block a substantial part of the radar’s measurement region.

• Doppler radars not only measure the echo strength of their targets but also their radial
velocities. The motion of the rotor blades of a wind turbine is detected by the radar and
may be interpreted as a moving target.

Clutter originating from the ground or from stationary buildings is often filtered out by
built-in clutter filters that remove echoes with zero or low radial velocities. Echoes from
the tower of a wind turbine have zero velocity and can therefore easily be removed but the
turbine’s rotating blades can have very large and variable velocities, escaping the clutter filter.
Echoes from rotating wind turbine blades may therefore, for example, be mistaken for aircraft
by an air traffic control radar.

Weather radar problems related to wind turbines were recognised early by Hafner et al. (2004)
and Agence National des Fréquences (2005). These works have since been followed by many
studies (e.g. Brenner et al. (2008); Donaldson et al. (2008); Haase et al. (2010); Hutchinson
& Miles (2008); Toth et al. (2011); Tristant (2006a;b); Vogt et al. (2011; 2007a; 2009)). The
increased awareness of the problems wind turbines may cause weather radars led both the
World Meteorological Organization (WMO) and the Network of European Meteorological
Services (EUMETNET) to issue general guidelines for the deployment of wind turbines, based
on the distance from the radar (OPERA, 2010; WMO, 2010). These guidelines are summarised
in Table 1 and Table 2.

3. Wind turbine interference

In the sections below we examine the three identified problems wind turbines can cause to
Doppler weather radars: clutter, blockage, and erroneous wind measurements.

3.1 Clutter

For a weather radar, clutter refers to all non-meteorological radar echoes. Typical examples
of clutter include echoes from terrain, buildings, and clear-air targets (e.g. insects, birds,
atmospheric turbulence). Clutter can further be divided into two categories: static and
dynamic. Static clutter typically originates from terrain and buildings whereas dynamic
clutter is caused by moving targets such as clear-air returns. Static clutter has zero or
near-zero radial velocity and can be removed by a built-in clutter filter whereas dynamic

336
Doppler Radar Observations – 

Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications Doppler Weather Radars and Wind Turbines 5

Range Potential impact Guideline
0–5 km The wind turbine may completely or

partially block the radar and can result
in significant loss of data that can not be
recovered.

Definite Impact Zone: Wind turbines
should not be installed in this zone.

5–20 km Multiple reflection and multi-path
scattering can create false echoes and
multiple elevations. Doppler velocity
measurements may be compromised
by rotating blades.

Moderate Impact Zone: Terrain
effects will be a factor. Analysis
and consultation is recommended.
Re-orientation or re-siting of individual
turbines may reduce or mitigate the
impact.

20–45 km Generally visible on the lowest
elevation scan; ground-like echoes will
be observed in reflectivity; Doppler
velocities may be compromised by
rotating blades.

Low Impact Zone: Notification is
recommended.

> 45 km Generally not observed in the data
but can be visible due to propagation
conditions.

Intermittent Impact Zone: Notification
is recommended.

Table 1. WMO guidance statement on weather radar/wind turbine siting. (From WMO
(2010))

Range Radar Statement
0–5 km C-band No wind turbine should be deployed within this range

5–20 km C-band Wind farm projects should be submitted for an impact study
0–10 km S-band No wind turbine should be deployed within this range
10–30 km S-band Wind farm projects should be submitted for an impact study

Table 2. Statement of the OPERA group on the cohabitation between weather radars and
wind turbines. (From OPERA (2010))

clutter originates from targets having radial velocities larger than the clutter filter limits.
Dynamic clutter can therefore not be suppressed by conventional clutter filters.

Operating wind turbines generate both static and dynamic clutter. Since the static clutter from
the wind turbines is suppressed by clutter filters the dynamic wind turbine clutter, mainly
originating from the rotating blades, has the largest impact on weather radar measurements.
Dynamic wind turbine clutter (in the following referred to as wind turbine clutter) is often
difficult to separate from precipitation echoes and may therefore incorrectly be interpreted by
the weather radar as precipitation.

In addition, wind turbine clutter is highly variable in time since the amplitude of the scattered
signal depends sensitively on the wind turbine’s yaw- and tilt angle.

3.1.1 Observations

Observations of wind turbine clutter have been presented in numerous works (e.g. Agence
National des Fréquences (2005); Burgess et al. (2008); Gallardo et al. (2008); Haase et al. (2010);
Isom et al. (2009); Toth et al. (2011); Tristant (2006a); Vogt et al. (2011; 2007a)). The strength
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Fig. 3. Wind turbine clutter caused by two wind farms near Dodge City, Kansas, at 0149 GMT
on February 23, 2007. One wind farm is located approximately 40 km to the southwest of the
radar; the other near 20 km to the northeast. Range rings in white are at 10-km spacing.
Adapted from Crum et al. (2008). This image was obtained from NOAA/National Climatic
Data Center.

of the observed clutter can range from barely visible (< 0 dBZ) to near saturation levels (>
60 dBZ) (Agence National des Fréquences, 2005; Crum et al., 2008; Toth et al., 2011; Tristant,
2006a).

An example of clutter, originating from two wind farms near Dodge City, Kansas, is shown
in Fig. 3. One wind farm consists of 170 wind turbines and is located approximately
40 km southwest of the radar; the other wind farm consists of 72 wind turbines, located
approximately 20 km northeast of the radar. On this otherwise clear day reflectivity values
close to 30 dBZ can be seen at the location of both wind farms.

Images such as Fig. 3 convincingly demonstrate that wind turbine clutter exists and that it
may indeed cause problems for weather radars. However, in order to obtain a quantitative
estimate of wind turbine clutter long time series of data should be studied.

In the remainder of this section we present results from a study based on long time series of
wind turbine clutter. In the study operational reflectivity data from the four lowest scans of all
Swedish weather radars were analysed over a period of more than three years (November 1,
2007 to March 31, 2011). In order to estimate the amount of wind turbine clutter observed by
the weather radars, precipitation echoes were filtered out using a custom-designed weather
filter. To further increase the quality of the wind turbine clutter, all other clutter — here
referred to as background clutter — was removed from the weather-filtered reflectivity data.
Finally the wind turbine clutter (z) was converted to rain rate (R) assuming the relation
z = 200R1.5 (Michelson et al., 2000).

The weather filter removed precipitation echoes from the lowest elevation angle by comparing
reflectivity data cellwise to reflectivities from a higher elevation angle. If an echo from a higher
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Fig. 4. Distributions of clutter before and after the construction of wind turbines. Solid,
vertical lines indicate the median value and dashed, vertical lines show the first and third
quartiles.

elevation angle was strong enough to indicate the presence of precipitation the corresponding
value from the lowest elevation angle was filtered out.

Approximately 13 km from the weather radar in Karlskrona, Sweden, three wind turbines are
located in the same radar cell (i.e., the same range bin and azimuth gate). Weather-filtered
clutter distributions from this radar cell before and after the construction of the three
wind turbines are shown in Fig. 4. It is seen that the two clutter distributions are easily
distinguishable, having similar shapes but very different medians. It is evident that in this
radar cell the existence of operational wind turbines has substantially increased the total
amount of clutter.

Before the construction of the wind turbines, the reflectivity values remaining after filtering
out precipitation echoes were composed of clear-air returns and other, non-identified, moving
targets. In a second step of the analysis, this background clutter was removed from the
weather-filtered reflectivity values recorded after the construction of the wind turbines. In
this way a measure of clutter solely due to wind turbines was obtained.

The median wind turbine clutter was obtained from the difference between clutter after and
before the construction of wind turbines. This analysis was carried out for all wind turbines
in line-of-sight of a Swedish weather radar. The median wind turbine clutter values of 11
different radar cells, together with the first and third quartiles, are shown in Fig. 5. The median
wind turbine clutter is seen to vary from close to zero to more than 0.02 mm h−1. The spread
of the clutter is attributed to the fact that the strength of a wind turbine echo depends on the
position of the rotor blades and the yaw of the wind turbine, which in turn depends on the
direction of the wind.
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Fig. 3. Wind turbine clutter caused by two wind farms near Dodge City, Kansas, at 0149 GMT
on February 23, 2007. One wind farm is located approximately 40 km to the southwest of the
radar; the other near 20 km to the northeast. Range rings in white are at 10-km spacing.
Adapted from Crum et al. (2008). This image was obtained from NOAA/National Climatic
Data Center.

of the observed clutter can range from barely visible (< 0 dBZ) to near saturation levels (>
60 dBZ) (Agence National des Fréquences, 2005; Crum et al., 2008; Toth et al., 2011; Tristant,
2006a).

An example of clutter, originating from two wind farms near Dodge City, Kansas, is shown
in Fig. 3. One wind farm consists of 170 wind turbines and is located approximately
40 km southwest of the radar; the other wind farm consists of 72 wind turbines, located
approximately 20 km northeast of the radar. On this otherwise clear day reflectivity values
close to 30 dBZ can be seen at the location of both wind farms.

Images such as Fig. 3 convincingly demonstrate that wind turbine clutter exists and that it
may indeed cause problems for weather radars. However, in order to obtain a quantitative
estimate of wind turbine clutter long time series of data should be studied.

In the remainder of this section we present results from a study based on long time series of
wind turbine clutter. In the study operational reflectivity data from the four lowest scans of all
Swedish weather radars were analysed over a period of more than three years (November 1,
2007 to March 31, 2011). In order to estimate the amount of wind turbine clutter observed by
the weather radars, precipitation echoes were filtered out using a custom-designed weather
filter. To further increase the quality of the wind turbine clutter, all other clutter — here
referred to as background clutter — was removed from the weather-filtered reflectivity data.
Finally the wind turbine clutter (z) was converted to rain rate (R) assuming the relation
z = 200R1.5 (Michelson et al., 2000).

The weather filter removed precipitation echoes from the lowest elevation angle by comparing
reflectivity data cellwise to reflectivities from a higher elevation angle. If an echo from a higher
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vertical lines indicate the median value and dashed, vertical lines show the first and third
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elevation angle was strong enough to indicate the presence of precipitation the corresponding
value from the lowest elevation angle was filtered out.

Approximately 13 km from the weather radar in Karlskrona, Sweden, three wind turbines are
located in the same radar cell (i.e., the same range bin and azimuth gate). Weather-filtered
clutter distributions from this radar cell before and after the construction of the three
wind turbines are shown in Fig. 4. It is seen that the two clutter distributions are easily
distinguishable, having similar shapes but very different medians. It is evident that in this
radar cell the existence of operational wind turbines has substantially increased the total
amount of clutter.

Before the construction of the wind turbines, the reflectivity values remaining after filtering
out precipitation echoes were composed of clear-air returns and other, non-identified, moving
targets. In a second step of the analysis, this background clutter was removed from the
weather-filtered reflectivity values recorded after the construction of the wind turbines. In
this way a measure of clutter solely due to wind turbines was obtained.

The median wind turbine clutter was obtained from the difference between clutter after and
before the construction of wind turbines. This analysis was carried out for all wind turbines
in line-of-sight of a Swedish weather radar. The median wind turbine clutter values of 11
different radar cells, together with the first and third quartiles, are shown in Fig. 5. The median
wind turbine clutter is seen to vary from close to zero to more than 0.02 mm h−1. The spread
of the clutter is attributed to the fact that the strength of a wind turbine echo depends on the
position of the rotor blades and the yaw of the wind turbine, which in turn depends on the
direction of the wind.
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Fig. 5. Median wind turbine clutter together with first and third quartiles observed by two
Swedish weather radars (Karlskrona and Vara).

Wind turbine clutter has also been observed from radar cells in which no wind turbines are
located. An example of such area effects of wind turbine clutter is shown in Fig. 6. The wind
turbine clutter in this figure comes from the same wind farm as in Fig. 4. All together this
wind farm consists of five wind turbines with total heights of 150 m above the ground. Three
of the five wind turbines are located within the same radar cell, the other two turbines each
occupy a different radar cell. In Fig. 6 it is seen that not only the radar cells in which the wind
turbines are located show an increase in clutter but also that several radar cells cross- and
downrange of the turbines are affected.

Wind turbine clutter downrange from wind turbines (cf. Figs. 6a and b) has been observed
in several other works (e.g. Crum et al. (2008); Haase et al. (2010); Isom et al. (2009); Toth
et al. (2011); Vogt et al. (2011)). Such clutter tails can be visible for tens of kilometres behind
wind turbines. No theoretical model has been put forward to explain this phenomenon but it
has been suggested that the tails are caused by multiple scattering effects (scattering between
multiple turbines and/or scattering between turbine and ground) (Crum et al., 2008; Isom
et al., 2009; Toth et al., 2011). Clutter tails are not considered a problem for wind farms located
further than 18 km from the weather radar (Crum & Ciardi, 2010; Vogt et al., 2009).

Cross-range clutter may also occur, as is seen in Figs. 6a and c. For the case shown in Fig. 6,
the cross-range clutter is a direct result of the way the reflectivities are stored in the radar data
matrix (the azimuthal resolution of the actual radar measurements is lower than the azimuthal
spacing of the data matrix). However, for wind turbines generating very strong echoes it has
been suggested that clutter may be seen well outside the half-power width of the radar beam,
generating cross-range clutter spanning tens of degrees (Agence National des Fréquences,
2005).
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Fig. 6. Wind turbine clutter caused by a wind farm approximately 13 km northeast of the
Karlskrona weather radar. a) Clutter from an area containing five wind turbines (shown by
white asterisks). One wind turbine is located in radar cell [7,49], three are located in [7,52],
and one in [7,55]. b) Clutter from azimuth gate 52 together with model results. c) Clutter
from range bins 7 and 8.

3.1.2 Models

Most models of wind turbine clutter rely on the turbines’ radar cross section (RCS) as a
measure of how efficiently radar pulses are backscattered (Agence National des Fréquences,
2005; Tristant, 2006a). In order to model wind turbine clutter the RCS of a wind turbine must
be converted to the equivalent radar reflectivity factor. The radar equation for point targets is
given by (see, e.g. Skolnik (2008))

Pr =
PtG2λ2σ

64π3D4 (1)

where Pr and Pt are, respectively, the power received and transmitted by the radar, G is the
antenna gain, λ is the wavelength, σ is the RCS of the target, and D is the distance from the
radar to the target.

For distributed targets, such as rain, the radar equation is written as (see, e.g. Keeler & Serafin
(2008))

Pr =
PtG2θφcτπ3|K|2z
1024 ln(2)λ2D2 (2)

where θ and φ are the azimuth and elevation beamwidths, c is the speed of light, τ is the radar
pulse width, |K|2 is a parameter related to the complex index of refraction of the material, and
z is the linear radar reflectivity factor. For a given RCS the linear radar reflectivity factor can
thus be expressed as

z = C1
σ

D2 (3)

where C1 is a constant that depends on the parameters of the radar system. For Swedish
weather radars, C1 = 3 × 1012 mm6m−3.
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Fig. 5. Median wind turbine clutter together with first and third quartiles observed by two
Swedish weather radars (Karlskrona and Vara).

Wind turbine clutter has also been observed from radar cells in which no wind turbines are
located. An example of such area effects of wind turbine clutter is shown in Fig. 6. The wind
turbine clutter in this figure comes from the same wind farm as in Fig. 4. All together this
wind farm consists of five wind turbines with total heights of 150 m above the ground. Three
of the five wind turbines are located within the same radar cell, the other two turbines each
occupy a different radar cell. In Fig. 6 it is seen that not only the radar cells in which the wind
turbines are located show an increase in clutter but also that several radar cells cross- and
downrange of the turbines are affected.

Wind turbine clutter downrange from wind turbines (cf. Figs. 6a and b) has been observed
in several other works (e.g. Crum et al. (2008); Haase et al. (2010); Isom et al. (2009); Toth
et al. (2011); Vogt et al. (2011)). Such clutter tails can be visible for tens of kilometres behind
wind turbines. No theoretical model has been put forward to explain this phenomenon but it
has been suggested that the tails are caused by multiple scattering effects (scattering between
multiple turbines and/or scattering between turbine and ground) (Crum et al., 2008; Isom
et al., 2009; Toth et al., 2011). Clutter tails are not considered a problem for wind farms located
further than 18 km from the weather radar (Crum & Ciardi, 2010; Vogt et al., 2009).

Cross-range clutter may also occur, as is seen in Figs. 6a and c. For the case shown in Fig. 6,
the cross-range clutter is a direct result of the way the reflectivities are stored in the radar data
matrix (the azimuthal resolution of the actual radar measurements is lower than the azimuthal
spacing of the data matrix). However, for wind turbines generating very strong echoes it has
been suggested that clutter may be seen well outside the half-power width of the radar beam,
generating cross-range clutter spanning tens of degrees (Agence National des Fréquences,
2005).
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Fig. 6. Wind turbine clutter caused by a wind farm approximately 13 km northeast of the
Karlskrona weather radar. a) Clutter from an area containing five wind turbines (shown by
white asterisks). One wind turbine is located in radar cell [7,49], three are located in [7,52],
and one in [7,55]. b) Clutter from azimuth gate 52 together with model results. c) Clutter
from range bins 7 and 8.

3.1.2 Models

Most models of wind turbine clutter rely on the turbines’ radar cross section (RCS) as a
measure of how efficiently radar pulses are backscattered (Agence National des Fréquences,
2005; Tristant, 2006a). In order to model wind turbine clutter the RCS of a wind turbine must
be converted to the equivalent radar reflectivity factor. The radar equation for point targets is
given by (see, e.g. Skolnik (2008))

Pr =
PtG2λ2σ

64π3D4 (1)

where Pr and Pt are, respectively, the power received and transmitted by the radar, G is the
antenna gain, λ is the wavelength, σ is the RCS of the target, and D is the distance from the
radar to the target.

For distributed targets, such as rain, the radar equation is written as (see, e.g. Keeler & Serafin
(2008))

Pr =
PtG2θφcτπ3|K|2z
1024 ln(2)λ2D2 (2)

where θ and φ are the azimuth and elevation beamwidths, c is the speed of light, τ is the radar
pulse width, |K|2 is a parameter related to the complex index of refraction of the material, and
z is the linear radar reflectivity factor. For a given RCS the linear radar reflectivity factor can
thus be expressed as

z = C1
σ

D2 (3)

where C1 is a constant that depends on the parameters of the radar system. For Swedish
weather radars, C1 = 3 × 1012 mm6m−3.
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Let us use Eq. (3) to calculate what RCS would cause an observed rain rate of R = 0.1 mm h−1

(cf. Fig. 4) at a distance D = 13 km from the radar. Using z = 200R1.5 we find that σ = 4 cm2.

The RCS of wind turbines has been studied both experimentally and numerically (see, e.g.,
Greving & Malkomes (2006); Kent et al. (2008); Kong et al. (2011); Ohs et al. (2010); Poupart
(2003); Zhang et al. (2011)). These studies have shown that RCSs of wind turbines display
a sensitive dependence on yaw- and tilt angle. However, measurements of the RCS of large
wind turbines typically range between 20 to 30 dBsm (Kent et al., 2008; Poupart, 2003) which
is very far from what we obtained in the calculation. Using the RCS to calculate wind turbine
clutter in this simple way may therefore lead to erroneous results.

It has been argued that the RCS is not applicable to wind turbines (Greving & Biermann, 2008;
Greving et al., 2009; Greving & Malkomes, 2006; 2008). The reason is that the plane wave
condition does not hold for objects on the ground. From the calculation above it is clear that
more sophisticated models are needed in order to make a correct simulation of wind turbine
clutter.

For downrange clutter a simple, empirical model was constructed using an exponential
function to fit the limited amount of data available. The rain rate R behind a wind turbine
was modelled as

R = R0 exp
(
−C2x

N

)
(4)

where R0 is the rain rate in mm h−1 from the radar cell containing the wind turbine, C2 = 0.7
is an empirically determined constant, x is the distance behind the wind turbine in kilometres,
and N is the number of interfering wind turbines present in the radar cell. Observations and
model results are shown in Fig. 6b.

3.1.3 Mitigation concepts

Various concepts for mitigating wind turbine clutter have been suggested in different studies.
Some of these concepts are listed here.

• Placing wind turbines so that they are not in line of sight of a weather radar. Under normal
conditions a radar’s measurements will not be affected by objects that are not in the radar
line of sight. This method is therefore a certain way of limiting wind turbine clutter. It has
also been suggested that wind turbines should be arranged radially from the radar. Such
a formation probably does little to mitigate clutter since the blades of the different wind
turbines do not move synchronously.

• Reducing the wind turbines’ RCS. It has been proposed that stealth materials can be
applied to wind turbines as a way of reducing the RCS (Appelton, 2005; Butler & Johnson,
2003). Studies of stealth coating wind turbine blades show that a reduction of more than
10 dB may be possible (Rashid & Brown, 2010), making it an interesting solution. An
alternative way of reducing the rotor blades’ RCS is to modify their shape, but this is not
considered a realistic alternative as the shape of a rotor blade is optimized for efficiency.

• Adaptive clutter filters. Various filter techniques for removing or reducing effects of
wind turbine clutter have been suggested. Gallardo et al. (2008) suggested using an
image processing technique and Isom et al. (2009) proposed a multiquadratic interpolation
technique. Other signal processing techniques have also been proposed (Bachmann et al.,
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2010a;b; Gallardo-Hernando & Pérez-Martínez, 2009; Nai et al., 2011). These methods all
use raw data as input, i.e., in- and quadrature phase (I/Q) data.
To speed up filtering, only radar cells containing wind turbines should ideally be
processed. This may be achieved by keeping maps of all wind turbines near a weather
radar or by using automatic detection schemes (Cheong et al., 2011; Gallardo-Hernando
et al., 2010; Hood et al., 2009; 2010).

• Gap-filling radars. Areas contaminated by clutter may be covered by a second, nearby
radar, a so-called gap-filler (Aarholt & Jackson, 2010; Department of Defense, 2006; Ohs
et al., 2010). This alternative may be a convenient solution for specific cases but could also
lead to even bigger problems since an introduction of additional radars introduces new
sites which also must be protected.

• Adaptation of the radar scan strategy. Changing the radar scan strategy to pass over areas
with wind turbines will limit the amount of clutter received. The drawback is that data
will be gathered from higher altitudes which may shorten the effective range of the radar.

3.2 Blockage

For a weather radar, blockage manifests itself as a reduction of the expected precipitation
echoes downrange from an obstacle. But, as we have seen in Section 3.1, obstacles in line of
sight of a radar do not only cause blockage, they also cause clutter. Stationary obstacles cause
static clutter which can be removed by a clutter filter. However, dynamic clutter, such as
echoes from rotating blades of wind turbines, is not removed by the clutter filter. Downrange
from such obstacles both clutter and blockage can appear. For wind turbines in line of sight
of a weather radar the increased echo strength from the clutter can often be as large, or larger,
than the reduction in echo strength due to blockage. Separating the effects of blockage and
clutter is therefore often impossible using data analysis. However, large wind farms may
cause substantial blockage and the effect may be visible for tens of kilometres downrange of
the farm.

3.2.1 Observations

Blockage caused by wind turbines is not always visible in radar reflectivity images. As
explained previously this is partly due to clutter tails but also because precipitation echoes
are not always spatially homogeneous.

One example of blockage caused by a wind farm near Dodge City, Kansas, is shown in Fig. 7.
In the figure a weak shadow can be seen behind a wind farm to the southwest of the weather
radar. Other examples of blockage caused by wind turbines can be found in Vogt et al. (2007a)
and Seltmann & Lang (2009).

As mentioned above, making a quantitative analysis of blockage behind wind farms is difficult
due to clutter tails and the spatial variation of precipitation echoes. Let us therefore instead
examine blockage caused by a stationary structure in line of sight of a weather radar.

The air traffic control tower of Arlanda Airport near Stockholm, Sweden, is located only
0.9 km from the Arlanda weather radar. The full width at half maximum of the radar beam is
0.9◦ , which at the distance of the tower corresponds to approximately 14 m. The radar beam is
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Let us use Eq. (3) to calculate what RCS would cause an observed rain rate of R = 0.1 mm h−1

(cf. Fig. 4) at a distance D = 13 km from the radar. Using z = 200R1.5 we find that σ = 4 cm2.

The RCS of wind turbines has been studied both experimentally and numerically (see, e.g.,
Greving & Malkomes (2006); Kent et al. (2008); Kong et al. (2011); Ohs et al. (2010); Poupart
(2003); Zhang et al. (2011)). These studies have shown that RCSs of wind turbines display
a sensitive dependence on yaw- and tilt angle. However, measurements of the RCS of large
wind turbines typically range between 20 to 30 dBsm (Kent et al., 2008; Poupart, 2003) which
is very far from what we obtained in the calculation. Using the RCS to calculate wind turbine
clutter in this simple way may therefore lead to erroneous results.

It has been argued that the RCS is not applicable to wind turbines (Greving & Biermann, 2008;
Greving et al., 2009; Greving & Malkomes, 2006; 2008). The reason is that the plane wave
condition does not hold for objects on the ground. From the calculation above it is clear that
more sophisticated models are needed in order to make a correct simulation of wind turbine
clutter.

For downrange clutter a simple, empirical model was constructed using an exponential
function to fit the limited amount of data available. The rain rate R behind a wind turbine
was modelled as

R = R0 exp
(
−C2x

N

)
(4)

where R0 is the rain rate in mm h−1 from the radar cell containing the wind turbine, C2 = 0.7
is an empirically determined constant, x is the distance behind the wind turbine in kilometres,
and N is the number of interfering wind turbines present in the radar cell. Observations and
model results are shown in Fig. 6b.

3.1.3 Mitigation concepts

Various concepts for mitigating wind turbine clutter have been suggested in different studies.
Some of these concepts are listed here.

• Placing wind turbines so that they are not in line of sight of a weather radar. Under normal
conditions a radar’s measurements will not be affected by objects that are not in the radar
line of sight. This method is therefore a certain way of limiting wind turbine clutter. It has
also been suggested that wind turbines should be arranged radially from the radar. Such
a formation probably does little to mitigate clutter since the blades of the different wind
turbines do not move synchronously.

• Reducing the wind turbines’ RCS. It has been proposed that stealth materials can be
applied to wind turbines as a way of reducing the RCS (Appelton, 2005; Butler & Johnson,
2003). Studies of stealth coating wind turbine blades show that a reduction of more than
10 dB may be possible (Rashid & Brown, 2010), making it an interesting solution. An
alternative way of reducing the rotor blades’ RCS is to modify their shape, but this is not
considered a realistic alternative as the shape of a rotor blade is optimized for efficiency.

• Adaptive clutter filters. Various filter techniques for removing or reducing effects of
wind turbine clutter have been suggested. Gallardo et al. (2008) suggested using an
image processing technique and Isom et al. (2009) proposed a multiquadratic interpolation
technique. Other signal processing techniques have also been proposed (Bachmann et al.,
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2010a;b; Gallardo-Hernando & Pérez-Martínez, 2009; Nai et al., 2011). These methods all
use raw data as input, i.e., in- and quadrature phase (I/Q) data.
To speed up filtering, only radar cells containing wind turbines should ideally be
processed. This may be achieved by keeping maps of all wind turbines near a weather
radar or by using automatic detection schemes (Cheong et al., 2011; Gallardo-Hernando
et al., 2010; Hood et al., 2009; 2010).

• Gap-filling radars. Areas contaminated by clutter may be covered by a second, nearby
radar, a so-called gap-filler (Aarholt & Jackson, 2010; Department of Defense, 2006; Ohs
et al., 2010). This alternative may be a convenient solution for specific cases but could also
lead to even bigger problems since an introduction of additional radars introduces new
sites which also must be protected.

• Adaptation of the radar scan strategy. Changing the radar scan strategy to pass over areas
with wind turbines will limit the amount of clutter received. The drawback is that data
will be gathered from higher altitudes which may shorten the effective range of the radar.

3.2 Blockage

For a weather radar, blockage manifests itself as a reduction of the expected precipitation
echoes downrange from an obstacle. But, as we have seen in Section 3.1, obstacles in line of
sight of a radar do not only cause blockage, they also cause clutter. Stationary obstacles cause
static clutter which can be removed by a clutter filter. However, dynamic clutter, such as
echoes from rotating blades of wind turbines, is not removed by the clutter filter. Downrange
from such obstacles both clutter and blockage can appear. For wind turbines in line of sight
of a weather radar the increased echo strength from the clutter can often be as large, or larger,
than the reduction in echo strength due to blockage. Separating the effects of blockage and
clutter is therefore often impossible using data analysis. However, large wind farms may
cause substantial blockage and the effect may be visible for tens of kilometres downrange of
the farm.

3.2.1 Observations

Blockage caused by wind turbines is not always visible in radar reflectivity images. As
explained previously this is partly due to clutter tails but also because precipitation echoes
are not always spatially homogeneous.

One example of blockage caused by a wind farm near Dodge City, Kansas, is shown in Fig. 7.
In the figure a weak shadow can be seen behind a wind farm to the southwest of the weather
radar. Other examples of blockage caused by wind turbines can be found in Vogt et al. (2007a)
and Seltmann & Lang (2009).

As mentioned above, making a quantitative analysis of blockage behind wind farms is difficult
due to clutter tails and the spatial variation of precipitation echoes. Let us therefore instead
examine blockage caused by a stationary structure in line of sight of a weather radar.

The air traffic control tower of Arlanda Airport near Stockholm, Sweden, is located only
0.9 km from the Arlanda weather radar. The full width at half maximum of the radar beam is
0.9◦ , which at the distance of the tower corresponds to approximately 14 m. The radar beam is
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Fig. 7. Reflectivity measurement from the weather radar near Dodge City, Kansas, at 2358
GMT, February 12, 2007. Blockage caused by a wind farm to the southwest results in a
reduction of precipitation echoes downrange from the wind farm (most clearly visible at a
distance of 70–100 km from the radar). Range rings in black are at 10-km spacing. Adapted
from Burgess et al. (2008). This image was obtained from NOAA/National Climatic Data
Center.

thus wider than the width of the tower (approximately 8.5 m). For the lowest elevation angle
of the radar the tower fills the entire beam height.

The average amount of precipitation per hour, for the period 1 November 2007 to 31 March
2011, is shown in Fig. 8. In this figure it is seen that some azimuth gates have considerably less
measured precipitation compared to their neighbours. These gates coincide with the location
of the tower.

One way to obtain a quantitative estimate of the reduction in expected precipitation due
to blockage is to assume that the precipitation can be considered constant over some
neighbouring azimuth gates. To validate this assumption a correlation analysis was
performed. The analysis revealed that the correlation between precipitation measurements
from neighbouring azimuthal radar cells depends on cross-range distance and accumulation
period. The correlation decreases as the cross-range distance increases and for the same
cross-range distance, shorter accumulation periods results in lower correlation. Applying
the correlation analysis to the precipitation measured by the Arlanda weather radar showed
that, for example, precipitation from radar cells with cross-range distances up to 5 km and an
accumulation period of 24 h had a correlation over 0.9.

To obtain a measure of how much precipitation varies locally the coefficient of variation of
accumulated precipitation from neighbouring azimuthal radar cells was calculated. In the
analysis for the Arlanda weather radar it was shown that the coefficient of variation increased
with increasing number of neighbouring azimuthal gates (i.e. window size) and decreased
with accumulation period.
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Fig. 8. Average amount of precipitation per hour from the lowest elevation angle (0.5◦) for
the weather radar at Arlanda airport, Sweden. Blockage caused by a nearby air traffic control
tower can be seen near azimuth gate 271.

For example, for an accumulation period of 1 hour and a window size of 13 gates
(corresponding to 11.7◦ in azimuthal angle) the coefficient of variation did not decrease lower
than approximately 0.25 at any distance from the radar whereas for an accumulation period
of 1 month the coefficient of variation for the same number of gates was lower than 0.05 at
10 km from the radar. The coefficient of variation can be compared with the blockage caused
by an obstacle.

To find a quantitative estimate of the reduction in expected precipitation echoes caused by
the Arlanda tower a 13-gate wide window was applied to the data, accumulated over the
entire three-year-period. The measurements in the window were normalized over azimuth
and range to the average value of unaffected gates. In Fig. 9 it is seen that the measured
precipitation is reduced by close to 30% in the most severely affected gate.

Comparing the blockage of the Arlanda tower with the coefficient of variation for various
accumulation periods it was found that on average between 24 hours and 1 week was needed
for the coefficient of variation of the local precipitation to be lower than 30%. On individual
radar images it may therefore be difficult to see the effects of the Arlanda tower blockage.

3.2.2 Models

Modelling of electromagnetic shadow effects can be done with varying accuracy and
complexity. Methods and results of modelling blockage and shadow effects downrange
of wind turbines can be found in, e.g., Belmonte & Fabregas (2010); Greving & Malkomes
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Fig. 7. Reflectivity measurement from the weather radar near Dodge City, Kansas, at 2358
GMT, February 12, 2007. Blockage caused by a wind farm to the southwest results in a
reduction of precipitation echoes downrange from the wind farm (most clearly visible at a
distance of 70–100 km from the radar). Range rings in black are at 10-km spacing. Adapted
from Burgess et al. (2008). This image was obtained from NOAA/National Climatic Data
Center.

thus wider than the width of the tower (approximately 8.5 m). For the lowest elevation angle
of the radar the tower fills the entire beam height.

The average amount of precipitation per hour, for the period 1 November 2007 to 31 March
2011, is shown in Fig. 8. In this figure it is seen that some azimuth gates have considerably less
measured precipitation compared to their neighbours. These gates coincide with the location
of the tower.

One way to obtain a quantitative estimate of the reduction in expected precipitation due
to blockage is to assume that the precipitation can be considered constant over some
neighbouring azimuth gates. To validate this assumption a correlation analysis was
performed. The analysis revealed that the correlation between precipitation measurements
from neighbouring azimuthal radar cells depends on cross-range distance and accumulation
period. The correlation decreases as the cross-range distance increases and for the same
cross-range distance, shorter accumulation periods results in lower correlation. Applying
the correlation analysis to the precipitation measured by the Arlanda weather radar showed
that, for example, precipitation from radar cells with cross-range distances up to 5 km and an
accumulation period of 24 h had a correlation over 0.9.

To obtain a measure of how much precipitation varies locally the coefficient of variation of
accumulated precipitation from neighbouring azimuthal radar cells was calculated. In the
analysis for the Arlanda weather radar it was shown that the coefficient of variation increased
with increasing number of neighbouring azimuthal gates (i.e. window size) and decreased
with accumulation period.
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Fig. 8. Average amount of precipitation per hour from the lowest elevation angle (0.5◦) for
the weather radar at Arlanda airport, Sweden. Blockage caused by a nearby air traffic control
tower can be seen near azimuth gate 271.

For example, for an accumulation period of 1 hour and a window size of 13 gates
(corresponding to 11.7◦ in azimuthal angle) the coefficient of variation did not decrease lower
than approximately 0.25 at any distance from the radar whereas for an accumulation period
of 1 month the coefficient of variation for the same number of gates was lower than 0.05 at
10 km from the radar. The coefficient of variation can be compared with the blockage caused
by an obstacle.

To find a quantitative estimate of the reduction in expected precipitation echoes caused by
the Arlanda tower a 13-gate wide window was applied to the data, accumulated over the
entire three-year-period. The measurements in the window were normalized over azimuth
and range to the average value of unaffected gates. In Fig. 9 it is seen that the measured
precipitation is reduced by close to 30% in the most severely affected gate.

Comparing the blockage of the Arlanda tower with the coefficient of variation for various
accumulation periods it was found that on average between 24 hours and 1 week was needed
for the coefficient of variation of the local precipitation to be lower than 30%. On individual
radar images it may therefore be difficult to see the effects of the Arlanda tower blockage.

3.2.2 Models

Modelling of electromagnetic shadow effects can be done with varying accuracy and
complexity. Methods and results of modelling blockage and shadow effects downrange
of wind turbines can be found in, e.g., Belmonte & Fabregas (2010); Greving & Malkomes
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Fig. 9. Blockage caused by an air-traffic control tower at Arlanda Airport. Data and model.

(2008); Høye (2007). Here we describe a simple and computationally light method to calculate
blockage caused by an obstacle.

As a first approximation of the reduction in returned power due to an obstacle we consider
the obstacle’s geometrical cross section. Convolving the obstacle’s cross section with the radar
beam’s power flux and dividing by the total power from an unperturbed beam we obtain the
fraction of power, PB, blocked by the obstacle. To find the corresponding reduction in rain
rate we start by noting that 1 − PB is the amount of power that is unaffected by blockage. The
(unaffected) power is proportional to the linear radar reflectivity factor z according to Eq. (2)
and z is in turn related to rain rate R by z ∝ R1.5. Hence the reduction in rain rate, RB, can be
expressed as RB = 1 − (1 − PB)

1/1.5.

Applying this method to the Arlanda air-traffic control tower described in Section 3.2.1 we
can estimate the reduction in rain rate it causes. The modelled reduction in rain rate is shown
in Fig. 9 together with the observations. The model is seen to capture the magnitude and the
cross-range shape of the blockage. This model can be used for estimating blockage caused by
wind turbines, but for reasons explained in Section 3.2.1 there are no observations to compare
these results with.

3.2.3 Mitigation concepts

Methods proposed to prevent or reduce blockage by wind turbines include:

• Optimising the placement of the wind turbines. Wind turbines should preferably be placed
out of the line of sight of the radar. Otherwise it has been suggested that wind turbines
should be arranged radially from the radar. In this way the blockage caused by the wind
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turbine towers may be reduced, but blockage caused by rotor blades will persist since there
is no synchronisation of their movements.

• Use of a gap-filling radar. A way to remove or reduce blockage is to place an additional
radar to cover areas affected by blockage.

• Adapting the radar scan strategy so that the radar beam passes over areas with wind
turbines. This method ensures that measurements are not affected by blockage but in
return data will be gathered from higher altitudes.

3.3 Wind measurements

A Doppler radar measures frequency shifts of the received signals and translates the shifted
frequencies to radial velocities. A conventional clutter filter removes echoes with low or zero
frequency shifts and thereby prevents static clutter from entering the radar products.

Signals scattered from rotating blades of a wind turbine are shifted in frequency and thereby
interpreted by the radar as moving objects, escaping the clutter filter. The tip of a rotor blade
can move with a velocity up to 100 m s−1 whereas close to the hub the blade velocity is close to
zero. The scattered signals will therefore display a broad distribution in frequency space. The
wind velocity is normally estimated as the strongest (non-zero) frequency component. Since
echoes from wind turbines often are stronger than weather echoes this can lead the weather
radar to display erroneous wind measurements.

3.3.1 Observations

There are many observations of wind turbines causing erroneous wind measurements in the
literature (see, e.g., Burgess et al. (2008); Cheong et al. (2011); Crum et al. (2008); Haase et al.
(2010); Isom et al. (2009); Toth et al. (2011); Vogt et al. (2007a)). One such example from the
weather radar in Dodge City, Kansas, is shown in Fig. 10. From this figure it is clear that
at the time of the measurements the overall wind direction was to the northwest but signals
from radar cells containing a large wind farm, approximately 40 km to the southwest, show
up as having close to zero velocity. In Fig. 11 is shown the spectrum width of the velocity
measurements and from this figure it is clear that there is a significant broadening of the
frequency spectra over the wind farm.

These observations can be understood by examining the raw I/Q data from the radar.
Spectrograms of I/Q data, containing echoes from wind turbines, show highly complex
and richly structured patterns. Examples of such spectrograms are given by, e.g.,
Bachmann et al. (2010a); Gallardo et al. (2008); Gallardo-Hernando & Pérez-Martínez (2009);
Gallardo-Hernando et al. (2009); Hood et al. (2009); Isom et al. (2009); Nai et al. (2011); Poupart
(2003); Vogt et al. (2007a;b). From these and other studies it is clear that echoes from wind
turbine rotor blades in different positions result in broad distributions in frequency space
even though the average velocity estimate is often close to zero.

As for wind turbine clutter there are observations showing tails of erroneous wind
measurements behind the wind turbines (Burgess et al., 2008; Seltmann & Lang, 2009; Vogt
et al., 2007a; 2009).
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(2008); Høye (2007). Here we describe a simple and computationally light method to calculate
blockage caused by an obstacle.

As a first approximation of the reduction in returned power due to an obstacle we consider
the obstacle’s geometrical cross section. Convolving the obstacle’s cross section with the radar
beam’s power flux and dividing by the total power from an unperturbed beam we obtain the
fraction of power, PB, blocked by the obstacle. To find the corresponding reduction in rain
rate we start by noting that 1 − PB is the amount of power that is unaffected by blockage. The
(unaffected) power is proportional to the linear radar reflectivity factor z according to Eq. (2)
and z is in turn related to rain rate R by z ∝ R1.5. Hence the reduction in rain rate, RB, can be
expressed as RB = 1 − (1 − PB)

1/1.5.

Applying this method to the Arlanda air-traffic control tower described in Section 3.2.1 we
can estimate the reduction in rain rate it causes. The modelled reduction in rain rate is shown
in Fig. 9 together with the observations. The model is seen to capture the magnitude and the
cross-range shape of the blockage. This model can be used for estimating blockage caused by
wind turbines, but for reasons explained in Section 3.2.1 there are no observations to compare
these results with.

3.2.3 Mitigation concepts

Methods proposed to prevent or reduce blockage by wind turbines include:

• Optimising the placement of the wind turbines. Wind turbines should preferably be placed
out of the line of sight of the radar. Otherwise it has been suggested that wind turbines
should be arranged radially from the radar. In this way the blockage caused by the wind
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turbine towers may be reduced, but blockage caused by rotor blades will persist since there
is no synchronisation of their movements.

• Use of a gap-filling radar. A way to remove or reduce blockage is to place an additional
radar to cover areas affected by blockage.

• Adapting the radar scan strategy so that the radar beam passes over areas with wind
turbines. This method ensures that measurements are not affected by blockage but in
return data will be gathered from higher altitudes.

3.3 Wind measurements

A Doppler radar measures frequency shifts of the received signals and translates the shifted
frequencies to radial velocities. A conventional clutter filter removes echoes with low or zero
frequency shifts and thereby prevents static clutter from entering the radar products.

Signals scattered from rotating blades of a wind turbine are shifted in frequency and thereby
interpreted by the radar as moving objects, escaping the clutter filter. The tip of a rotor blade
can move with a velocity up to 100 m s−1 whereas close to the hub the blade velocity is close to
zero. The scattered signals will therefore display a broad distribution in frequency space. The
wind velocity is normally estimated as the strongest (non-zero) frequency component. Since
echoes from wind turbines often are stronger than weather echoes this can lead the weather
radar to display erroneous wind measurements.

3.3.1 Observations

There are many observations of wind turbines causing erroneous wind measurements in the
literature (see, e.g., Burgess et al. (2008); Cheong et al. (2011); Crum et al. (2008); Haase et al.
(2010); Isom et al. (2009); Toth et al. (2011); Vogt et al. (2007a)). One such example from the
weather radar in Dodge City, Kansas, is shown in Fig. 10. From this figure it is clear that
at the time of the measurements the overall wind direction was to the northwest but signals
from radar cells containing a large wind farm, approximately 40 km to the southwest, show
up as having close to zero velocity. In Fig. 11 is shown the spectrum width of the velocity
measurements and from this figure it is clear that there is a significant broadening of the
frequency spectra over the wind farm.

These observations can be understood by examining the raw I/Q data from the radar.
Spectrograms of I/Q data, containing echoes from wind turbines, show highly complex
and richly structured patterns. Examples of such spectrograms are given by, e.g.,
Bachmann et al. (2010a); Gallardo et al. (2008); Gallardo-Hernando & Pérez-Martínez (2009);
Gallardo-Hernando et al. (2009); Hood et al. (2009); Isom et al. (2009); Nai et al. (2011); Poupart
(2003); Vogt et al. (2007a;b). From these and other studies it is clear that echoes from wind
turbine rotor blades in different positions result in broad distributions in frequency space
even though the average velocity estimate is often close to zero.

As for wind turbine clutter there are observations showing tails of erroneous wind
measurements behind the wind turbines (Burgess et al., 2008; Seltmann & Lang, 2009; Vogt
et al., 2007a; 2009).
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Fig. 10. Wind measurements from the weather radar near Dodge City, Kansas, at 0149 GMT,
on February 23, 2007. The general wind direction is to the northwest but measurements near
a wind farm to the southwest of the radar show wind velocities close to zero. Range rings in
white are at 10-km spacing. Adapted from Vogt et al. (2007a). This image was obtained from
NOAA/National Climatic Data Center.

Fig. 11. Measurements of spectrum width from the weather radar near Dodge City, Kansas,
at 0149 GMT, on February 23, 2007,. The spectrum widths are considerably enhanced near a
wind farm to the southwest of the radar. Range rings in white are at 10-km spacing. Adapted
from Vogt et al. (2007a). This image was obtained from NOAA/National Climatic Data
Center.
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3.3.2 Models

A few methods have been proposed to model the frequency spectra generated by wind
turbines (Gallardo-Hernando et al., 2010; Hood et al., 2009; 2010; Kong et al., 2011; Zhang
et al., 2011). In these models clutter from the tower, hub, and rotor blades are included. The
model results show the zero-velocity returns of the tower, near-zero returns of the hub, as well
as spectral broadening of the blades.

3.3.3 Mitigation concepts

Most concepts proposed to prevent or reduce clutter (see Section 3.1.3) are also valid for
erroneous wind measurements.

Adaptive filters, suggested for removing wind turbine clutter, can also help mitigate
erroneous wind measurements. If clutter is removed from the signal, the average wind
velocity as well as the spectrum width can easily be estimated. Suggestions for adaptive
wind filters can be found in, e.g., Bachmann et al. (2010a;b); Gallardo et al. (2008); Isom et al.
(2009); Nai et al. (2011). As for the adaptive clutter filters, all these methods use raw I/Q data
as input.

4. Conclusions

In many countries the number of wind turbines is growing rapidly as a response to
the increased demand for renewable energy. As wind turbines grow larger and more
numerous potential conflicts with other interests are emerging. Doppler radars, for example,
are easily disturbed by wind turbines. In this chapter we have presented an overview
on wind turbine-related problems experienced by Doppler weather radars. Three main
wind turbine-related problems have been identified: clutter, blockage, and erroneous wind
measurements.

Clutter — unwanted radar echoes — are generated by all obstacles in line of sight of a
radar. Static clutter, i.e., echoes with no or low radial velocities are easily removed by the
Doppler radar’s built-in clutter filter. However, the moving blades of a wind turbine generate
dynamic clutter which displays a wide range of radial velocities that cannot be removed by
a conventional clutter filter. In this chapter it has been shown that wind turbine clutter can
be problematic for weather radars since such echoes are interpreted as precipitation. Wind
turbine clutter can display a large variation in strength, ranging from barely visible to near
saturation levels of the radar. Behind wind turbines a tail of clutter can often be seen. This
phenomenon is believed to be the result of multiple scattering effects. In an example shown
in this chapter, clutter tails were seen to decrease exponentially behind the wind turbines.
Cross-range clutter has also been observed. This can be caused by differences in azimuthal
resolution of the actual radar measurements and azimuthal spacing of the radar data matrix
but it has also been suggested that it may occur as a result of the radar sidelobes.

The magnitude of wind turbine clutter is often estimated by calculating the radar cross section
of wind turbines. Such models may lead to results inconsistent with observations. Effects from
the ground and terrain should be taken into account, otherwise a calibration of the model may
be necessary.
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Fig. 10. Wind measurements from the weather radar near Dodge City, Kansas, at 0149 GMT,
on February 23, 2007. The general wind direction is to the northwest but measurements near
a wind farm to the southwest of the radar show wind velocities close to zero. Range rings in
white are at 10-km spacing. Adapted from Vogt et al. (2007a). This image was obtained from
NOAA/National Climatic Data Center.
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wind farm to the southwest of the radar. Range rings in white are at 10-km spacing. Adapted
from Vogt et al. (2007a). This image was obtained from NOAA/National Climatic Data
Center.
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3.3.2 Models

A few methods have been proposed to model the frequency spectra generated by wind
turbines (Gallardo-Hernando et al., 2010; Hood et al., 2009; 2010; Kong et al., 2011; Zhang
et al., 2011). In these models clutter from the tower, hub, and rotor blades are included. The
model results show the zero-velocity returns of the tower, near-zero returns of the hub, as well
as spectral broadening of the blades.

3.3.3 Mitigation concepts

Most concepts proposed to prevent or reduce clutter (see Section 3.1.3) are also valid for
erroneous wind measurements.

Adaptive filters, suggested for removing wind turbine clutter, can also help mitigate
erroneous wind measurements. If clutter is removed from the signal, the average wind
velocity as well as the spectrum width can easily be estimated. Suggestions for adaptive
wind filters can be found in, e.g., Bachmann et al. (2010a;b); Gallardo et al. (2008); Isom et al.
(2009); Nai et al. (2011). As for the adaptive clutter filters, all these methods use raw I/Q data
as input.

4. Conclusions

In many countries the number of wind turbines is growing rapidly as a response to
the increased demand for renewable energy. As wind turbines grow larger and more
numerous potential conflicts with other interests are emerging. Doppler radars, for example,
are easily disturbed by wind turbines. In this chapter we have presented an overview
on wind turbine-related problems experienced by Doppler weather radars. Three main
wind turbine-related problems have been identified: clutter, blockage, and erroneous wind
measurements.

Clutter — unwanted radar echoes — are generated by all obstacles in line of sight of a
radar. Static clutter, i.e., echoes with no or low radial velocities are easily removed by the
Doppler radar’s built-in clutter filter. However, the moving blades of a wind turbine generate
dynamic clutter which displays a wide range of radial velocities that cannot be removed by
a conventional clutter filter. In this chapter it has been shown that wind turbine clutter can
be problematic for weather radars since such echoes are interpreted as precipitation. Wind
turbine clutter can display a large variation in strength, ranging from barely visible to near
saturation levels of the radar. Behind wind turbines a tail of clutter can often be seen. This
phenomenon is believed to be the result of multiple scattering effects. In an example shown
in this chapter, clutter tails were seen to decrease exponentially behind the wind turbines.
Cross-range clutter has also been observed. This can be caused by differences in azimuthal
resolution of the actual radar measurements and azimuthal spacing of the radar data matrix
but it has also been suggested that it may occur as a result of the radar sidelobes.

The magnitude of wind turbine clutter is often estimated by calculating the radar cross section
of wind turbines. Such models may lead to results inconsistent with observations. Effects from
the ground and terrain should be taken into account, otherwise a calibration of the model may
be necessary.
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Possible mitigation measures for wind turbine clutter include a) placing wind turbines out
of the radar’s line of sight b) reducing the wind turbines’ radar cross section using stealth
material c) development and application of adaptive clutter filters, d) use of gap-filling radars
to cover areas contaminated by clutter and e) adapting the radar scan strategy to pass over the
wind turbines.

Blockage is caused by any obstacle in line of sight of a radar and is not specific to wind
turbines. For a weather radar, blockage leads to an underestimation of the precipitation
behind the blocking obstacle. Blockage caused by wind turbines is difficult to analyse using
reflectivity data due to spatial variation of precipitation and clutter tails that are generated
behind wind turbines. Model results can, however, be compared with observations of
blockage caused by stationary obstacles such as towers, masts, or wind turbines that are not
in operation.

Concepts for mitigating blockage include a) placing wind turbines radially from the radar b)
use of a gap-filling radar to cover affected areas and c) adapting the radar scan strategy to
pass over the wind turbines.

The Doppler function of a radar detects movements in echoes such as those from the rotating
blades of a wind turbine. Although such measurements are correct, the interpretation by the
radar may still be wrong. For example, an air traffic control radar may interpret echoes from
rotating wind turbine blades as a moving aircraft and a weather radar may interpret such
measurements as an approaching thunderstorm.

A weather radar uses Doppler-shifted echoes to estimate the wind speed. Doppler-shifted
echoes from wind turbine blades may therefore lead to erroneous wind measurements.
Observations of wind measurements over wind farms occasionally show extremely large
wind speeds but most often the wind measurements are close to zero. The non-synchronised
movements of the many rotor blades of a wind farm also lead to large spectrum widths.

Mitigation measures for wind measurements are the same as those presented for wind turbine
clutter.
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Possible mitigation measures for wind turbine clutter include a) placing wind turbines out
of the radar’s line of sight b) reducing the wind turbines’ radar cross section using stealth
material c) development and application of adaptive clutter filters, d) use of gap-filling radars
to cover areas contaminated by clutter and e) adapting the radar scan strategy to pass over the
wind turbines.

Blockage is caused by any obstacle in line of sight of a radar and is not specific to wind
turbines. For a weather radar, blockage leads to an underestimation of the precipitation
behind the blocking obstacle. Blockage caused by wind turbines is difficult to analyse using
reflectivity data due to spatial variation of precipitation and clutter tails that are generated
behind wind turbines. Model results can, however, be compared with observations of
blockage caused by stationary obstacles such as towers, masts, or wind turbines that are not
in operation.

Concepts for mitigating blockage include a) placing wind turbines radially from the radar b)
use of a gap-filling radar to cover affected areas and c) adapting the radar scan strategy to
pass over the wind turbines.

The Doppler function of a radar detects movements in echoes such as those from the rotating
blades of a wind turbine. Although such measurements are correct, the interpretation by the
radar may still be wrong. For example, an air traffic control radar may interpret echoes from
rotating wind turbine blades as a moving aircraft and a weather radar may interpret such
measurements as an approaching thunderstorm.

A weather radar uses Doppler-shifted echoes to estimate the wind speed. Doppler-shifted
echoes from wind turbine blades may therefore lead to erroneous wind measurements.
Observations of wind measurements over wind farms occasionally show extremely large
wind speeds but most often the wind measurements are close to zero. The non-synchronised
movements of the many rotor blades of a wind farm also lead to large spectrum widths.

Mitigation measures for wind measurements are the same as those presented for wind turbine
clutter.
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1. Introduction

Radars used for upper-atmospheric applications can be engineered to measure the Doppler
spectra of their targets adequately for most intents and purposes, the spectral resolution
being limited only by the observing time and the constraints of stationarity. Likewise,
they can measure the range to their targets adequately for most intents and purposes,
range resolution being limited by system bandwidth, the power budget, and the constraints
of stationarity. Problems arise for “overspread” targets, where range and frequency
aliasing cannot simultaneously be avoided using pulse-to-pulse methodologies, and more
complicated pulse-to-lag or aperiodic pulsing methods are required (see for example (Farley,
1972; Huuskonen et al., 1996; Lehtinen, 1986; Sulzer, 1986; Uppala, 1993)). Important examples
of this situation include incoherent scatter experiments (Farley, 1969), observations of meteor
head echoes (Chau & Woodman, 2004), and observations of plasma density irregularities
present in certain rapid flows, as are found in the equatorial ionosphere during so-called
“equatorial spread F” (Woodman, 2009; Woodman & La Hoz, 1976).

Where capabilities are most limited is in bearing determination and the associated problems
of imaging in the directions transverse to the radar beam. Electronic beam steering using
phased-array radars offers a means of radar imaging (e.g. Semeter et al. (2009)), but the
number of pointing positions that can be used is limited by the incoherent integration time
required for each position. If the power budget permits, transmission can be done using a
broad beam, and beam forming can be done “after the fact”, such that all pointing positions are
examined simultaneously (e.g. Kudeki & Woodman (1990)). Even so, the angular resolution
will be limited by the size of the antenna array unless the diffraction limit is removed through
numerical deconvolution. The half-power beamwidth of large-aperture radars used for upper
atmospheric research is usually of the order of one degree. At ionospheric altitudes, this
translates to a transverse resolution of a few to a few tens of kilometers, which may be larger
than the scales at which primary plasma waves are excited. The resolution of medium-sized
and small research radars with their relatively smaller antenna arrays is relatively poorer
still. In applications involving coherent scatter from plasma density irregularities, targets
of interest may exhibit backscatter intensities spanning 30 dB or more of dynamic range. For
such targets, the 3 dB beamwidth of the antenna is essentially irrelevant, and even targets in
the sidelobes of the antenna radiation pattern can contribute to the power assigned to a given
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pointing direction. This poses challenges for observing plasma irregularities with important
scale sizes of a kilometer or less, which is often the case in ionospheric research.

Aperture synthesis radar imaging utilizes spaced-antenna data to construct true images of
the scatterers versus bearing. Some approaches are adaptive, and some achieve “super
resolution” by incorporating the effects of diffraction in the analysis. All information about
range and Doppler shift can be retained, meaning that the images can be four dimensional,
not counting the time axis. As the techniques can synthesize large apertures from small,
sparsely-distributed sensors, they may be especially beneficial for small and medium-sized
radars, although some of the benefits can only be realized when high signal-to-noise ratios are
available.

In this paper, we review the formulation of the radar imaging problem, which is based on
concepts and language derived from radar interferometry and radio astronomy. As radar
imaging belongs to the class of problems known as inverse problems, some of the ideas from
that domain are also reviewed. The factors that govern the resolution achievable in practice
will be described, and optimal strategies for sensor placement will be discussed. Error analysis
in radar imaging is treated, and some extensions to the basic imaging procedure are outlined.
Finally, examples of radar imaging implementations are drawn from upper atmospheric and
ionospheric applications. Application in the lower atmosphere exist as well but will not be
covered here (Chau & Woodman, 2001; Hassenpflug et al., 2008; Palmer et al., 1998).

2. Imaging problem

The imaging problem has been formulated by (Thompson, 1986), and we follow his treatment
below. We consider the far-field problem only and regard the backscatter in a given range gate
as a random process constituted by plane waves with sources that are statistically uncorrelated
and distributed in space. Imaging data have the form of complex interferometric cross spectra
obtained from spaced antenna pairs separated by a vector distance d. Such “visibility”
measurements V(kd, fD) are related to the “brightness” distribution B(σ̂, fD), the scattered
power density as a function of bearing and Doppler frequency, by

V(kd, fD) =
∫

AN(σ̂)B(σ̂, fD)ejkd·σ̂dΩ (1)

where k is the wavenumber, fD is the Doppler frequency, and σ̂ is a unit vector in the direction
of the bearing of interest and where the integration is over all solid angles in the upper half
space. As different Doppler spectral components of the data are treated independently, we
omit fD in the formalism that follows.

In (1), AN is the normalized two-way antenna effective area. In radar imaging, the antennas
used for reception are typically much smaller than the antennas used for transmission, and AN
is consequently dominated by the characteristics of the transmitting antenna array. Together,
the product AN B is the effective brightness distribution, Beff, which represents the angular
distribution of the received signals. It is this quantity that are interested in recovering from
the data, the antenna radiation patterns being known. The radiation pattern need only be
treated explicitly when heterogeneous receiving antennas are used (see below).
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Equation (1) resembles a Fourier transform between baseline and bearing space. In Cartesian
coordinates, (1) is

V(kdx, kdy, kdz) (2)

=
∫ Beff(η, ξ)√

1 − η2 − ξ2
ejk

(
dxη+dyξ+dz

√
1−η2−ξ2

)
dηdξ

where η and ξ are the direction cosines of σ̂ with respect to the x and y coordinates, which
can be oriented arbitrarily. If the field of view of the sky being considered is sufficiently
restricted, the radical in the denominator of the integrand can be regarded as a constant. Then,
if the spaced receivers are coplanar so that all dz can be made to be zero, or if the brightess is
finite only where η and ψ are small, (2) becomes a two-dimensional Fourier transform. This
condition is required for “fringe stopping,” the practice of calibrating the complex gains of
the sensor channels so as to remove the fringes in the visibility spectrum of a point calibration
target (see phase calibration section below). If Beff is limited by the finite width of the radar
radiation pattern, the visibilities can be completely represented by a discrete set of periodic
visibility measurements.

3. Inverse methods

Equation (2) shows that the radar imaging problem is actually the linear problem of inverting
a Fourier transform. Since visibility data are generally acquired sparsely and incompletely,
inversion of (2) by means of a discrete Fourier transform algorithm is generally impossible
and would be undesirable in any case unless that algorithm were followed by another one to
deconvolve the radar radiation pattern from the resulting image. A number of somewhat
ad-hoc approaches to Fourier analysis of sparsely sampled data have emerged, including
the Lomb periodogram (Lomb, 1976) and CLEAN (Högbom, 1974), which amount to linear
least-squares fitting of representer functions to the data. Performance of such algorithms
is uneven and suffers from pathologies inherent in inverse problems that have not been
accounted for. The pathologies arise in part from the fact that the measured visibilities contain
noise that is not incorporated in (2), which is therefore only an approximation.

As (2) is a linear transformation, the discrete visibility data could be mapped to a discretized
version of the brightness distribution through a matrix (G) whose properties would describe
the characteristics of the inverse solution. For example, if the column space of G is incomplete,
there may be no model brightness that can reproduce the measured visibilities, the problem
would be over-determined, and no solution would exist. If the row space of G is incomplete,
then it would be possible to add features to the brightness without altering the predicted
visibilities, the problem would be under-determined, and solutions to the inverse problem
would not be unique.

More generally, both the column and row spaces of G may be incomplete, meaning that the
problem is simultaneously over- and under-determined (mixed determined or rank deficient)
and that any number of candidate brightness distributions might give acceptably close
approximations to the desired solution in terms of a chi-squared prediction error metric. If G
is also poorly conditioned, then those candidates could vary widely, and the inversion would
be unstable.

Inverse methods are required for mixed-determined, poorly-conditioned problems (see e.g.
Aster et al. (2005); Menke (1984); Tarantola (1987) for a review). The strategy generally
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amounts to reducing the candidate space of model solutions by imposing a priori information.
The information may involve expectations about the variance of the model solution (its
“roughness” or regularity) or something more specific, such as the range of admissible
numerical values it can assume. A priori information may be incorporated implicitly through
the inclusion of damping terms in the inversion algorithm (e.g. damped least squares,
Tikhonov regularization, etc.) or explicitly using a Bayesian formalism. Other desirable
properties, including model-data consistency, model resolution, and data resolution, can also
be optimized.

A common approach to radar imaging is based on the linear constrained minimum variance
(LCMV) (or sometimes minimum variance distortionless response (MVDR)) principle and
was introduced by Capon (1969). Consider the column vector x with n entries corresponding
to complex voltage samples from n sensors, each at a coordinate rn measured from some
reference point. Suppose the objective is to discriminate echoes arriving along a wavevector
k from other echoes, noise, interference, etc., by forming an appropriated weighted sum of
the voltage samples, y = w†x, prior to detection. If the weights are all unity, the signals
detected by the sensors from a point source designated by k would be proportional to the
column vector with elements eik·r1 , eik·r2 , · · · , eik·rn . After incoherent integration, the output
of the detector with arbitrary weights will be

�|y2|� = w†�xx†�w = w†Rw (3)

where w is the column vector composed of the weights, R is the signal covariance matrix,
constructed from the measured visibilities, and † denotes the complex conjugate transpose.

Capon’s LCMV strategy is to optimize the weights by minimizing the output of the detector
while maintaining unity gain in the direction of the point source, viz.

w = arg min
w,γ

: w†Rw + γ(w†e − 1) (4)

where γ is a Lagrange multiplier. The unity-gain constraint is imposed to prevent the trivial
solution. The output of the optimal detector using the weights thus found for a given bearing
can readily be shown to be �|y|2� = (e†R−1e)−1. Imaging then is performed by computing the
optimized detector output for all possible bearings. The algorithm is essentially a linear beam
former, where nulls are adaptively aligned with sources that are not aligned with the bearing
of interest.

Capon’s LCMV method is simple to implement and execute computationally. While there is
no provision for error handling in the algorithm posed above, the remedy is to precompute
the visibility error covariance matrix (see below) and then transform (3) through similarity
transformation into a space where that matrix is the identity. The method is equally well suited
for imaging continua and point targets, making it a superior choice for geophysical remote
sensing compared to point-targeting algorithms like MUSIC (Schmidt, 1986) or CLEAN.
However, there is no guarantee that the brightness distribution found will be consistent with
the visibility data within the tolerance of the specified error bounds. The a priori information
contained within the method is moreover far from explicit, making it hard to assess its validity.

Any number of alternative imaging methods exist that can minimize or constrain the model
prediction error while managing issues arising from the mixed determined or ill conditioned
nature of the inverse problem. In the next section of the paper, we turn our attention to the
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MaxEnt algorithm, which does not suffer from the limitations of Capon’s method and which
possesses a number of other desirable features as a consequence of the incorporation of rather
informative prior information.

4. MaxEnt formulation

The algorithm described below derives from the MaxEnt spectral analysis method, a Bayesian
method based on maximizing the Shannon entropy of the spectrum (Shannon & Weaver,
1949). The method should not be confused with the maximum entropy method (MEM or ME)
or similar autoregressive models, with which it has only a remote connection (Jaynes, 1982).
MaxEnt was originally applied to spaced-receiver imaging by Gull & Daniell (1978) and also
by Wernecke & D’Addario (1977) in a more generalized way. Variations on the technique were
published later by Wu (1984), Skilling & Bryan (1984), and Cornwell & Evans (1985). MaxEnt
is now applied to a wide array of problems, including natural language processing (NLP),
quantum physics, and climate science, to name a few.

Expansive rationales for MaxEnt have been given by Ables (1974), Jaynes (1982; 1985), Skilling
(1991), and Daniell (1991), among others. MaxEnt is a Bayesian optimization technique that
maximizes the MAP (maximum a posteriori) probability of an image given prior probability
rooted in Shannon’s entropy and constraints related to the model prediction error, error
bounds, image support, certain normalization, and other factors. As entropy admits only
globally positive brightness distributions, it rejects the vast majority of candidate solutions
in favor of a small, allowable solution subspace. The entropy metric favors uniform images
in the absence of contrary information but is nevertheless edge preserving. Moreover, the
use of entropy for prior probability makes the algorithm minimally dependent on unknown
quantities and, in that sense, bias and artifact free. It is a formalization of Occam’s razor.

The algorithm described here is based on one developed by Wilczek & Drapatz (1985) (WD85)
for radio astronomy. The real valued brightness will be represented by the symbol fi = f (θi).
The visibility data come from normalized cross-correlation estimates

V(kdj) =
�v1v∗2�√�|v1|2� − N1

√�|v2|2� − N2
(5)

where the v1,2 represent quadrature voltage samples from a pair of receivers spaced by a
distance dj and N1,2 are the corresponding noise estimates. The angle brackets above are
the expectation. We will represent the visibility data by the symbol gj = g(kdj) and assign
two real values for each baseline; one each for the real and imaginary part of (5). Given M
interferometry baselines with nonzero length, there will be a total of 2M + 1 distinct visibility
data. (The visibility for the zero baseline is identically unity.)

In matrix notation, (2) may be expressed as

gt + et = f th (6)

where g, e, and f are column vectors and t represents the transpose. Here, the elements of
the matrix h (hij) are the real or the imaginary part of the point spread function exp(ikdj ·
σ̂i), depending on whether gj is the real or imaginary part of (5), and ej represents the
corresponding random error arising from the finite number of samples used to estimate (5).
The elements fi of vector f represent the brightness distribution evaluated across the defined
image space.
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4. MaxEnt formulation

The algorithm described below derives from the MaxEnt spectral analysis method, a Bayesian
method based on maximizing the Shannon entropy of the spectrum (Shannon & Weaver,
1949). The method should not be confused with the maximum entropy method (MEM or ME)
or similar autoregressive models, with which it has only a remote connection (Jaynes, 1982).
MaxEnt was originally applied to spaced-receiver imaging by Gull & Daniell (1978) and also
by Wernecke & D’Addario (1977) in a more generalized way. Variations on the technique were
published later by Wu (1984), Skilling & Bryan (1984), and Cornwell & Evans (1985). MaxEnt
is now applied to a wide array of problems, including natural language processing (NLP),
quantum physics, and climate science, to name a few.

Expansive rationales for MaxEnt have been given by Ables (1974), Jaynes (1982; 1985), Skilling
(1991), and Daniell (1991), among others. MaxEnt is a Bayesian optimization technique that
maximizes the MAP (maximum a posteriori) probability of an image given prior probability
rooted in Shannon’s entropy and constraints related to the model prediction error, error
bounds, image support, certain normalization, and other factors. As entropy admits only
globally positive brightness distributions, it rejects the vast majority of candidate solutions
in favor of a small, allowable solution subspace. The entropy metric favors uniform images
in the absence of contrary information but is nevertheless edge preserving. Moreover, the
use of entropy for prior probability makes the algorithm minimally dependent on unknown
quantities and, in that sense, bias and artifact free. It is a formalization of Occam’s razor.

The algorithm described here is based on one developed by Wilczek & Drapatz (1985) (WD85)
for radio astronomy. The real valued brightness will be represented by the symbol fi = f (θi).
The visibility data come from normalized cross-correlation estimates

V(kdj) =
�v1v∗2�√�|v1|2� − N1

√�|v2|2� − N2
(5)

where the v1,2 represent quadrature voltage samples from a pair of receivers spaced by a
distance dj and N1,2 are the corresponding noise estimates. The angle brackets above are
the expectation. We will represent the visibility data by the symbol gj = g(kdj) and assign
two real values for each baseline; one each for the real and imaginary part of (5). Given M
interferometry baselines with nonzero length, there will be a total of 2M + 1 distinct visibility
data. (The visibility for the zero baseline is identically unity.)

In matrix notation, (2) may be expressed as

gt + et = f th (6)

where g, e, and f are column vectors and t represents the transpose. Here, the elements of
the matrix h (hij) are the real or the imaginary part of the point spread function exp(ikdj ·
σ̂i), depending on whether gj is the real or imaginary part of (5), and ej represents the
corresponding random error arising from the finite number of samples used to estimate (5).
The elements fi of vector f represent the brightness distribution evaluated across the defined
image space.
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MaxEnt explicitly associates the prior probability of a candidate image with the Shannon
entropy of the brightness distribution, S = −∑i fi ln( fi/F). Here, F = f t1 = g0 = g(0) is the
total image brightness (“1” being a column with unity elements). Of all distributions, the
uniform one has the highest entropy. In that sense, entropy is a smoothness metric. The
entropy of an image is also related to the likelihood of occurrence in a random assembly
process. All things being equal, a high-entropy distribution should be favored over a low
entropy one. The former represents a broadly accessible class of solutions, while the latter
represents an unlikely outcome that should only be considered if the data demand it. Finally,
only non-negative brightness distributions are allowed by S. In incorporating it, we reject the
vast majority of candidate images in favor of a small subclass of physically obtainable ones.

Neglecting error bounds for the moment, the brightness distribution that maximizes S while
being constrained by (6) is the extremum of the functional:

E( f (λ, L)) = S + (gt − f th)λ + L( f t1 − F) (7)

where the λ is a column vector of Lagrange multipliers introduced to enforce the constraints
by the principles of variational mechanics and L is another Lagrange multiplier enforcing the
normalization of the brightness. Maximizing (7) with respect to the fi and to L yields a model
for the brightness, parametrized by the λj:

fi = F
e−[hλ]i

Z
(8)

Z = ∑
i

e−[hλ]i (9)

where we note how Z plays the role of Gibbs’ partition function here.

Statistical errors are accounted for in WD85 by adapting (7) to enforce a constraint on the
expectation of χ2. The constraint is incorporated with the addition of another Lagrange
multiplier (Λ). The constraint regarding the normalization of the brightness is enforced by
the form of f resulting from (8) and need not be enforced further.

E( f (e, λ, Λ))

= S + (gt + et − f th)λ + Λ
(
etCe − Σ

)

= (gt + et)λ + F ln Z + Λ
(
etCe − Σ

)
(10)

where the last step was accomplished by substituting (8) and (9) into S. The Σ term constrains
the error norm, calculated in terms of theoretical error covariance matrix C, which we take
to be diagonal. Rather than finding the brightness with the smallest model prediction error
which also has a high entropy, WD85 finds the brightness which deviates from the data in
a prescribed way so as to have the highest possible entropy consistent with experimental
uncertainties.

Maximizing (10) with respect to the Lagrange multipliers yields 2M + 1 algebraic equations:

gt + et − f th = 0 (11)

which merely restates (6). Maximizing with respect to the error terms in e yields equations
relating them to the elements of λ:

λ + 2ΛC−1e = 0 (12)
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(no sum implied). Maximizing with respect to Λ yields one more equation relating that term
to the others.

4ΣΛ2 − λtCλ = 0 (13)

The resulting system of 2M + 1 coupled, nonlinear equations for the Lagrange multipliers can
be solved numerically. (The algorithm implemented here uses the hybrid method of Powell
(1970).) Finally, (8) yields the desired image. The algorithm is robust and converges in practice
when provided with data uncontaminated by interference. An analytic form of the required
Jacobian matrix can readily be derived from (11).

4.1 Error analysis

Defining ρ12 as the normalized cross-correlation of the signals from receivers 1 and 2, an
obvious estimator of ρ12 is:

ρ̂12 =
1
m ∑m

i=1 v1iv∗2i√
1
m ∑m

i=1 |v1i|2 1
m ∑m

i=1 |v2i|2
(14)

where the numerator and denominator are computed from the same m statistically
independent, concurrent samples. The error covariance matrix for interferometric
cross-correlation or cross-spectral visibility estimates derived from this estimator was given
by Hysell & Chau (2006):

�er12er34� = �(δ2 + δ�2)/2 (15)

�ei12ei34� = �(δ2 − δ�2)/2 (16)

�er34ei12� = �(δ2 + δ�2)/2 (17)

�er12ei34� = �(δ�2 − δ2)/2 (18)

where er12 stands for the error in the estimate of the real part of the correlation of the signals
from spaced receivers 1 and 2, for example, and where the indices may be repeated depending
on the interferometry baselines in question. Also,

δ2 =
1
m

[
ρ13ρ∗24 −

1
2

ρ∗34 (ρ13ρ∗23 + ρ14ρ∗24) (19)

−1
2

ρ12 (ρ13ρ∗14 + ρ23ρ∗24)

+
1
4

ρ12ρ∗34

(
|ρ13|2 + |ρ14|2 + |ρ23|2 + |ρ24|2

)]

and

δ�2 =
1
m

[
ρ14ρ∗23 −

1
2

ρ34 (ρ13ρ∗23 + ρ14ρ∗24) (20)

−1
2

ρ12 (ρ
∗
13ρ14 + ρ∗23ρ24)

+
1
4

ρ12ρ34

(
|ρ13|2 + |ρ14|2 + |ρ23|2 + |ρ24|2

)]
,
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MaxEnt explicitly associates the prior probability of a candidate image with the Shannon
entropy of the brightness distribution, S = −∑i fi ln( fi/F). Here, F = f t1 = g0 = g(0) is the
total image brightness (“1” being a column with unity elements). Of all distributions, the
uniform one has the highest entropy. In that sense, entropy is a smoothness metric. The
entropy of an image is also related to the likelihood of occurrence in a random assembly
process. All things being equal, a high-entropy distribution should be favored over a low
entropy one. The former represents a broadly accessible class of solutions, while the latter
represents an unlikely outcome that should only be considered if the data demand it. Finally,
only non-negative brightness distributions are allowed by S. In incorporating it, we reject the
vast majority of candidate images in favor of a small subclass of physically obtainable ones.

Neglecting error bounds for the moment, the brightness distribution that maximizes S while
being constrained by (6) is the extremum of the functional:

E( f (λ, L)) = S + (gt − f th)λ + L( f t1 − F) (7)

where the λ is a column vector of Lagrange multipliers introduced to enforce the constraints
by the principles of variational mechanics and L is another Lagrange multiplier enforcing the
normalization of the brightness. Maximizing (7) with respect to the fi and to L yields a model
for the brightness, parametrized by the λj:

fi = F
e−[hλ]i

Z
(8)

Z = ∑
i

e−[hλ]i (9)

where we note how Z plays the role of Gibbs’ partition function here.

Statistical errors are accounted for in WD85 by adapting (7) to enforce a constraint on the
expectation of χ2. The constraint is incorporated with the addition of another Lagrange
multiplier (Λ). The constraint regarding the normalization of the brightness is enforced by
the form of f resulting from (8) and need not be enforced further.

E( f (e, λ, Λ))

= S + (gt + et − f th)λ + Λ
(
etCe − Σ

)

= (gt + et)λ + F ln Z + Λ
(
etCe − Σ

)
(10)

where the last step was accomplished by substituting (8) and (9) into S. The Σ term constrains
the error norm, calculated in terms of theoretical error covariance matrix C, which we take
to be diagonal. Rather than finding the brightness with the smallest model prediction error
which also has a high entropy, WD85 finds the brightness which deviates from the data in
a prescribed way so as to have the highest possible entropy consistent with experimental
uncertainties.

Maximizing (10) with respect to the Lagrange multipliers yields 2M + 1 algebraic equations:

gt + et − f th = 0 (11)

which merely restates (6). Maximizing with respect to the error terms in e yields equations
relating them to the elements of λ:

λ + 2ΛC−1e = 0 (12)
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(no sum implied). Maximizing with respect to Λ yields one more equation relating that term
to the others.

4ΣΛ2 − λtCλ = 0 (13)

The resulting system of 2M + 1 coupled, nonlinear equations for the Lagrange multipliers can
be solved numerically. (The algorithm implemented here uses the hybrid method of Powell
(1970).) Finally, (8) yields the desired image. The algorithm is robust and converges in practice
when provided with data uncontaminated by interference. An analytic form of the required
Jacobian matrix can readily be derived from (11).

4.1 Error analysis

Defining ρ12 as the normalized cross-correlation of the signals from receivers 1 and 2, an
obvious estimator of ρ12 is:

ρ̂12 =
1
m ∑m

i=1 v1iv∗2i√
1
m ∑m

i=1 |v1i|2 1
m ∑m

i=1 |v2i|2
(14)

where the numerator and denominator are computed from the same m statistically
independent, concurrent samples. The error covariance matrix for interferometric
cross-correlation or cross-spectral visibility estimates derived from this estimator was given
by Hysell & Chau (2006):

�er12er34� = �(δ2 + δ�2)/2 (15)

�ei12ei34� = �(δ2 − δ�2)/2 (16)

�er34ei12� = �(δ2 + δ�2)/2 (17)

�er12ei34� = �(δ�2 − δ2)/2 (18)

where er12 stands for the error in the estimate of the real part of the correlation of the signals
from spaced receivers 1 and 2, for example, and where the indices may be repeated depending
on the interferometry baselines in question. Also,

δ2 =
1
m

[
ρ13ρ∗24 −

1
2

ρ∗34 (ρ13ρ∗23 + ρ14ρ∗24) (19)

−1
2

ρ12 (ρ13ρ∗14 + ρ23ρ∗24)

+
1
4

ρ12ρ∗34

(
|ρ13|2 + |ρ14|2 + |ρ23|2 + |ρ24|2

)]

and

δ�2 =
1
m

[
ρ14ρ∗23 −

1
2

ρ34 (ρ13ρ∗23 + ρ14ρ∗24) (20)

−1
2

ρ12 (ρ
∗
13ρ14 + ρ∗23ρ24)

+
1
4

ρ12ρ34

(
|ρ13|2 + |ρ14|2 + |ρ23|2 + |ρ24|2

)]
,

363
Aperture Synthesis Radar 
Imaging for Upper Atmospheric Research



8 Will-be-set-by-IN-TECH

ρ12 representing the complex correlation of the signals from spaced receivers 1 and 2, for
example. In practice, these terms must be based on experimental estimates. The overall
stability of error estimators based on data with statistical errors themselves has not been
considered.

4.1.1 Added noise

The formulas above were derived in the absence of system noise but can easily be generalized
to include noise. The normalized correlation function error covariances for signals in the
presence of noise are still given by (19) and (20), only substituting the factor

ρSii → S + N
S

(21)

wherever correlation terms with repeated indices appear. Here, S and N refer to the signal
and noise power, respectively.

On the whole, this analysis shows that the error covariance matrix is diagonally dominant
only in cases where either the signal-to-noise ratio or the coherence is small. These limits are
seldom applicable to coherent scatter, however. Even the longest interferometry baseline at
Jicamarca, nearly 100 wavelengths long, very often exhibits high coherence, and even small,
portable coherent scatter radars typically run in the high SNR limit. Since the error covariance
is not diagonally dominant in general, neglecting off-diagonal terms misrepresents statistical
confidence and could lead to image distortion.

In practice, it is expedient to diagonalize the error covariance matrix computed using the
formulas above and to apply the corresponding similarity transformation to forward problem
stated in (6) (Hysell & Chau, 2006). We find that the error variances that result fall into
two groups with relatively smaller and larger values, respectively. The former correspond
roughly to errors associated with measuring interferometric coherence, and the latter to errors
associated with interferometric phase.

4.1.2 Error propagation

Error propagation through MaxEnt can be treated as follows (see for example Hysell (2007);
Silver et al. (1990)). Using Bayes’ theorem, we can cast the MaxEnt optimization problem
posed in (10) as one of maximizing the posterior probability of a model image, m, based on
visibility data d, which are related linearly through d = Gm, in the form

p(m|d) ∝ eS/Γe−
1
2 etC−1e (22)

≡ e−E (23)

where the entropy S is the prior probability and the chi-squared model prediction error is
transitional probability. The constant Γ weights the two probabilities and must be adjusted
according to some criteria. In the variational approach to the optimization problem outlined
above, the Lagrange multiplier Λ plays the role of Γ. That variable is controlled by Σ, and so
there is always an adjustable free parameter.

Consider small departures δm about the maximum probability (minimum E) solution. In the
neighborhood of a maximum, the gradient of the argument E vanishes, and we can always
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expand

p(m|d) ∝ e−
1
2 δmt Hδm (24)

H =
∂2E(m)

∂δm∂δm

with H the Hessian matrix. Now, (24) has the form of a probability density function (PDF) for
normally distributed model errors δm which we maximize through the minimization of E. We
can consequently identify the Hessian matrix with the inverse model covariance matrix C−1

m .
Taking the necessary derivatives gives the error bounds on the image:

C−1
m = GtC−1G + [ΓIm]−1 (25)

The Γ term in (12) represents the influence of the data on the final MaxEnt model. The greater
the influence, the smaller the uncertainties. The other term comes from the entropy prior
and ensures that the model variances will be very small where the model values themselves
are small. This is obviously significant in view of the importance of suppressing spurious
artifacts.

4.2 Extensions

Hysell & Chau (2006) introduced two improvements to WD85 important for upper
atmospheric radar research. The first involves incorporating the overall two-way antenna
radiation pattern in the imaging analysis. Rather than attempting to remove the two-way
pattern from the effective brightness distribution through division, with the attendant
conditioning problems, we just acknowledge the influence of the pattern on the effective
brightness and modify the entropy metric accordingly to anticipate it. If Shannon’s expression
favors a uniform brightness distribution, the expression that favors distributions that resemble
the beam shape is (Skilling, 1989)

S� = −∑
i

fi ln( fi/piF)

where pi represents the two-way radiation power pattern. Propagating this expression
through the preceding analysis alters only the brightness model:

fi = Fpi
e−[hλ]i

Z
(26)

Z = ∑
i

pie−[hλ]i (27)

The remaining formalism is unchanged. The only restriction is that pi should be positive. In
practice, the effect of the modification is to suppress spurious brightness outside in regions
where the radiation pattern is depressed.

The second improvement applies when heterogeneous antennas are used for reception. In
that case, the pi in (26) can be made to match the radiation pattern of the transmitting antenna
array, which is common to all the received signals. The radiation patterns of the receiving
antennas are then explicitly incorporated into the expressions for the effective brightness,
Beff, associated with each baseline. In view of (1) or (6), this is done by modifying the point
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formulas above and to apply the corresponding similarity transformation to forward problem
stated in (6) (Hysell & Chau, 2006). We find that the error variances that result fall into
two groups with relatively smaller and larger values, respectively. The former correspond
roughly to errors associated with measuring interferometric coherence, and the latter to errors
associated with interferometric phase.
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Error propagation through MaxEnt can be treated as follows (see for example Hysell (2007);
Silver et al. (1990)). Using Bayes’ theorem, we can cast the MaxEnt optimization problem
posed in (10) as one of maximizing the posterior probability of a model image, m, based on
visibility data d, which are related linearly through d = Gm, in the form
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≡ e−E (23)

where the entropy S is the prior probability and the chi-squared model prediction error is
transitional probability. The constant Γ weights the two probabilities and must be adjusted
according to some criteria. In the variational approach to the optimization problem outlined
above, the Lagrange multiplier Λ plays the role of Γ. That variable is controlled by Σ, and so
there is always an adjustable free parameter.

Consider small departures δm about the maximum probability (minimum E) solution. In the
neighborhood of a maximum, the gradient of the argument E vanishes, and we can always

364
Doppler Radar Observations – 

Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications Aperture Synthesis Radar Imaging for Upper Atmospheric Research 9

expand

p(m|d) ∝ e−
1
2 δmt Hδm (24)

H =
∂2E(m)

∂δm∂δm

with H the Hessian matrix. Now, (24) has the form of a probability density function (PDF) for
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Taking the necessary derivatives gives the error bounds on the image:

C−1
m = GtC−1G + [ΓIm]−1 (25)

The Γ term in (12) represents the influence of the data on the final MaxEnt model. The greater
the influence, the smaller the uncertainties. The other term comes from the entropy prior
and ensures that the model variances will be very small where the model values themselves
are small. This is obviously significant in view of the importance of suppressing spurious
artifacts.

4.2 Extensions

Hysell & Chau (2006) introduced two improvements to WD85 important for upper
atmospheric radar research. The first involves incorporating the overall two-way antenna
radiation pattern in the imaging analysis. Rather than attempting to remove the two-way
pattern from the effective brightness distribution through division, with the attendant
conditioning problems, we just acknowledge the influence of the pattern on the effective
brightness and modify the entropy metric accordingly to anticipate it. If Shannon’s expression
favors a uniform brightness distribution, the expression that favors distributions that resemble
the beam shape is (Skilling, 1989)

S� = −∑
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where pi represents the two-way radiation power pattern. Propagating this expression
through the preceding analysis alters only the brightness model:

fi = Fpi
e−[hλ]i
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(26)
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pie−[hλ]i (27)

The remaining formalism is unchanged. The only restriction is that pi should be positive. In
practice, the effect of the modification is to suppress spurious brightness outside in regions
where the radiation pattern is depressed.

The second improvement applies when heterogeneous antennas are used for reception. In
that case, the pi in (26) can be made to match the radiation pattern of the transmitting antenna
array, which is common to all the received signals. The radiation patterns of the receiving
antennas are then explicitly incorporated into the expressions for the effective brightness,
Beff, associated with each baseline. In view of (1) or (6), this is done by modifying the point
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spread function for the given baseline j such that hij → hij℘1i℘2i, where ℘1,2i are the radiation
amplitude patterns for the antennas at either end of the baseline. Given the principle of
pattern multiplication, characteristics of the radiation pattern common to all the receiving
antennas can equally well be incorporated in pi instead of ℘1,2i.

4.3 Super-resolution

That radar imaging resolution does not need to be diffraction limited can be appreciated
by considering coherence (normalized visibility) measurements made with a single
interferometry baseline in the high signal-to-noise ratio, high coherence limit. As shown by
Farley & Hysell (1996), the mean-squared error for the coherence estimate in this limit is

δ2 =
1
m

[
N
S

+
1
2

� +O
(

�2,
N2

S2 , �
N
S

, · · ·
)]

(28)

where � ≡ 1 − |V|2, m is the number of statistically independent samples used, and where S
and N are the signal and noise powers, respectively. Even given a finite number of samples,
the coherence estimate for a highly coherent target can be arbitrarily accurate given a high
enough signal-to-noise ratio. This means that the angular width of narrow targets can be
measured arbitrarily well, regardless of the baseline spacing, if S/N is sufficiently high.
Insofar as imaging, an inverse method that accounts for the effects of diffraction in the forward
model (i.e. the point spread function) need not be diffraction limited.

On the basis of information theory pertaining to the rate of information transmission through
a noisy channel, Kosarev (1990) investigated the resolution limit for spectral analysis, deriving
Shannon’s resolution limit:

SR =
1
3

log2(1 + S/N) (29)

This metric represents the maximum achievable resolution improvement over the
diffraction-limited, noise-free case for non-parametric signal processing methods. Kosarev
(1990) argued that there is no contradiction between this limit and the Heisenberg uncertainty
principle. Kosarev (1990) furthermore performed numerical tests, comparing a spectral
recovery algorithm based on maximum likelihood with entropy prior probability. Over the
S/N range from 10–50 dB, the algorithm was able to achieve the Shannon limit. At Jicamarca,
the longest interferometry baseline is nearly 100 wavelengths long, and the diffraction limited
resolution is consequently about 0.5◦. In practice, useful resolution at about the 0.1◦-level can
be obtained with strong backscatter.

4.4 Optimal sensor placement

The placement of sensors (receiving antennas or antenna groups) on the ground is typically
constrained by practical consideration. If the sensors are subarrays of a fixed phased array, as
in the case of the Jicamarca Radio Observatory in Peru or the MU Radar in Japan, a number
of modules set by the number of receivers available will be selected from the total available
in such a way as to avoid redundant baselines. To avoid ambiguity, baseline lengths can
be selected such that the interferometry sidelobes are not illuminated by the transmitting
antenna. Baseline orientations may be selected to accommodate anisotropies in the scatterers.
As a rule, uniform sampling of visibility space seems to be conducive to artifact reduction,
although there may be good reasons to deviate from it.
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Sharif & Kamalabadi (2008) studies the optimal placement of sensors for different remote
sensing applications, including aperture synthesis imaging. They considered data inversion
through Tikhonov regularization, which is similar to the methodology discussed here except
with Gaussian model statistics replacing model entropy as the prior probability. This
permitted an entirely linear formulation of the problem. Included in the imaging problem
were allowances for constraints on image smoothness and support. Optimization was in
terms of minimizing different variations on the model prediction error as well as some
detection performance metrics and the informativeness of the sensors with respect to the
image (mutual information). Computationally expedient means of performing the different
optimizations were also found. Sharif & Kamalabadi (2008) demonstrated that rather different
results could be obtained depending on the criteria for which the array was optimized.

There are generally good reasons, however, for confining all of the sensors to a plane if
possible. If the antennas are above imperfect earth, then their vertical phase centers may
not be well known, but at least they will be identical if the antennas are at the same
height and the dielectric constant of the earth is homogeneous. Moreover, with dz = 0 for
all interferometry baselines and with the radical in the denominator incorporated into the
effective brightness, (2) becomes a two-dimensional Fourier transform. Translations in the
brightness consequently map to phase shifts in the visibilities which further map to linear
phase progressions of received signals across the aperture plane. This simple relationship can
be useful in establishing the absolute phases of signals from different sensors.

4.5 Phase calibration

Sensor phase biases associated with differential cable lengths and other systemic issues must
be removed through calibration in order for visibilities to be estimated and inverted. While a
number of calibration methods exist, calibration remains one of the most challenging aspects
of aperture synthesis imaging in practice (see for example Chau et al. (2008)). The “gold
standard” for calibration involves observing point targets with known bearings, i.e. radio
stars, and adjusting the complex gains of the receiver channels until the measured visibilities
match a model based on the known source locations. However, this is only possible for
large-aperture radars with adequate sensitivity, and the infrequency of radio star conjunctions
may pose practical problems. Feeding common signals through the entire signal chain is
another effective calibration strategy, but this too may be possible only infrequently.

Specular meteor echoes are quasi point-targets that can be observed frequently, even by small
radars. While their bearings are not known individually, they can be estimated collectively. If
the antenna array lies in a plane, phase biases can be estimated such that the bearings of all
meteor echoes are consistent across all interferometry baselines (e.g. Holdsworth et al. (2004)).
Corrections to the phase bias estimated can then be made such that the center of gravity of
the echoes is aligned with the effective two-way radar radiation pattern, with allowances
made for the expected anticipated altitude distribution of the specular meteor echoes. Other
radar targets may be used to fine-tune the calibration. For example, that echoes from plasma
irregularities arise from the locus of magnetic perpendicularity affords accurate knowledge of
their elevation along a given azimuth.

While not widely used in upper atmospheric research, closure phase measurements offer
additional information for phase calibration (Cornwall, 1989; Jennison, 1958). The idea is that
the sum of the visibility phases from a triad of sensors, calculated for instance using bispectral
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spread function for the given baseline j such that hij → hij℘1i℘2i, where ℘1,2i are the radiation
amplitude patterns for the antennas at either end of the baseline. Given the principle of
pattern multiplication, characteristics of the radiation pattern common to all the receiving
antennas can equally well be incorporated in pi instead of ℘1,2i.

4.3 Super-resolution

That radar imaging resolution does not need to be diffraction limited can be appreciated
by considering coherence (normalized visibility) measurements made with a single
interferometry baseline in the high signal-to-noise ratio, high coherence limit. As shown by
Farley & Hysell (1996), the mean-squared error for the coherence estimate in this limit is
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where � ≡ 1 − |V|2, m is the number of statistically independent samples used, and where S
and N are the signal and noise powers, respectively. Even given a finite number of samples,
the coherence estimate for a highly coherent target can be arbitrarily accurate given a high
enough signal-to-noise ratio. This means that the angular width of narrow targets can be
measured arbitrarily well, regardless of the baseline spacing, if S/N is sufficiently high.
Insofar as imaging, an inverse method that accounts for the effects of diffraction in the forward
model (i.e. the point spread function) need not be diffraction limited.

On the basis of information theory pertaining to the rate of information transmission through
a noisy channel, Kosarev (1990) investigated the resolution limit for spectral analysis, deriving
Shannon’s resolution limit:

SR =
1
3

log2(1 + S/N) (29)

This metric represents the maximum achievable resolution improvement over the
diffraction-limited, noise-free case for non-parametric signal processing methods. Kosarev
(1990) argued that there is no contradiction between this limit and the Heisenberg uncertainty
principle. Kosarev (1990) furthermore performed numerical tests, comparing a spectral
recovery algorithm based on maximum likelihood with entropy prior probability. Over the
S/N range from 10–50 dB, the algorithm was able to achieve the Shannon limit. At Jicamarca,
the longest interferometry baseline is nearly 100 wavelengths long, and the diffraction limited
resolution is consequently about 0.5◦. In practice, useful resolution at about the 0.1◦-level can
be obtained with strong backscatter.

4.4 Optimal sensor placement

The placement of sensors (receiving antennas or antenna groups) on the ground is typically
constrained by practical consideration. If the sensors are subarrays of a fixed phased array, as
in the case of the Jicamarca Radio Observatory in Peru or the MU Radar in Japan, a number
of modules set by the number of receivers available will be selected from the total available
in such a way as to avoid redundant baselines. To avoid ambiguity, baseline lengths can
be selected such that the interferometry sidelobes are not illuminated by the transmitting
antenna. Baseline orientations may be selected to accommodate anisotropies in the scatterers.
As a rule, uniform sampling of visibility space seems to be conducive to artifact reduction,
although there may be good reasons to deviate from it.
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Sharif & Kamalabadi (2008) studies the optimal placement of sensors for different remote
sensing applications, including aperture synthesis imaging. They considered data inversion
through Tikhonov regularization, which is similar to the methodology discussed here except
with Gaussian model statistics replacing model entropy as the prior probability. This
permitted an entirely linear formulation of the problem. Included in the imaging problem
were allowances for constraints on image smoothness and support. Optimization was in
terms of minimizing different variations on the model prediction error as well as some
detection performance metrics and the informativeness of the sensors with respect to the
image (mutual information). Computationally expedient means of performing the different
optimizations were also found. Sharif & Kamalabadi (2008) demonstrated that rather different
results could be obtained depending on the criteria for which the array was optimized.

There are generally good reasons, however, for confining all of the sensors to a plane if
possible. If the antennas are above imperfect earth, then their vertical phase centers may
not be well known, but at least they will be identical if the antennas are at the same
height and the dielectric constant of the earth is homogeneous. Moreover, with dz = 0 for
all interferometry baselines and with the radical in the denominator incorporated into the
effective brightness, (2) becomes a two-dimensional Fourier transform. Translations in the
brightness consequently map to phase shifts in the visibilities which further map to linear
phase progressions of received signals across the aperture plane. This simple relationship can
be useful in establishing the absolute phases of signals from different sensors.

4.5 Phase calibration

Sensor phase biases associated with differential cable lengths and other systemic issues must
be removed through calibration in order for visibilities to be estimated and inverted. While a
number of calibration methods exist, calibration remains one of the most challenging aspects
of aperture synthesis imaging in practice (see for example Chau et al. (2008)). The “gold
standard” for calibration involves observing point targets with known bearings, i.e. radio
stars, and adjusting the complex gains of the receiver channels until the measured visibilities
match a model based on the known source locations. However, this is only possible for
large-aperture radars with adequate sensitivity, and the infrequency of radio star conjunctions
may pose practical problems. Feeding common signals through the entire signal chain is
another effective calibration strategy, but this too may be possible only infrequently.

Specular meteor echoes are quasi point-targets that can be observed frequently, even by small
radars. While their bearings are not known individually, they can be estimated collectively. If
the antenna array lies in a plane, phase biases can be estimated such that the bearings of all
meteor echoes are consistent across all interferometry baselines (e.g. Holdsworth et al. (2004)).
Corrections to the phase bias estimated can then be made such that the center of gravity of
the echoes is aligned with the effective two-way radar radiation pattern, with allowances
made for the expected anticipated altitude distribution of the specular meteor echoes. Other
radar targets may be used to fine-tune the calibration. For example, that echoes from plasma
irregularities arise from the locus of magnetic perpendicularity affords accurate knowledge of
their elevation along a given azimuth.

While not widely used in upper atmospheric research, closure phase measurements offer
additional information for phase calibration (Cornwall, 1989; Jennison, 1958). The idea is that
the sum of the visibility phases from a triad of sensors, calculated for instance using bispectral
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(triple-product) analysis, is bias free. If the baseline of the triad are suitably arranged, this can
afford some information about sensor phase bias.

A promising class of calibration techniques involves finding the phase biases on the basis
of image characteristics through optimization. Uncompensated sensor phase biases tend
to degrade images and introduce artifacts that increase the image variance (decrease the
smoothness) as well as the overall image entropy. Holding the phase biases of three
non-collinear sensors to be arbitrary, the remaining phases could be adjusted to minimize
the image entropy, global variance, or some other cost function. Afterward, the phase offsets
could be readjusted to “rotate” the artifact-free image into its proper place, taking into account
known characteristics of the radar and the target. This optimization can take place outside
of the main imaging computation or possibly within it, adopting some of the principles
followed by Sharif & Kamalabadi (2008) for optimizing sensor placement. Their smoothness
and support metrics, respectively, could be imposed to accomplish the first and second steps
of the aforementioned calibration, respectively, only within a unified imaging framework.
Since the brightness/visibility mapping is not linear in the phase biases, the procedure would
necessarily be iterative.

5. Examples from the upper atmosphere

Here, we present examples of ionospheric phenomena that have been revealed or clarified
using aperture synthesis radar imaging. The examples are taken from observations of the
Jicamarca Radio Observatory, a 50-MHz phased array radar operated outside Lima, Peru.
Aperture synthesis radar imaging was introduced to upper atmospheric research at Jicamarca
in 1991 (Kudeki & Sürücü, 1991), and MaxEnt was applied there first five years later (Hysell,
1996). The number of sensors sampled has grown from four to eight in the intervening years.
Twelve-sensor experiments are being planned. The longest interferometry baseline available
is nearly 100 wavelengths long in the direction perpendicular to the geomagnetic field. A
subset of the main antenna array is used for transmission, and a phase taper is applied to
broaden the main beam and reduce the sidelobe level. Images are normally computed over a
≈13◦-wide azimuth sector. In practice, only the central part of the sector contains echoes and
need be plotted.

At Jicamarca, imaging has mainly been applied to coherent scatter from field-aligned plasma
density irregularities. Different varieties of irregularities occupy altitudes between about
95–2500 km at the geomagnetic equator and can be detected by the strong, spectrally narrow
radar echoes that arise from them. While imaging is generally performed in two dimensions,
the echoes arrive from bearings very close to the locus of perpendicularity to the geomagnetic
field, and the images in each range gate can consequently be collapsed into a single dimension.
Alternatively, the imaging problem can be formulated in one dimension from the start. Two
dimensional images in range and azimuth are produced finally. Sequences of sequential
images can also be animated. Imaging in three dimensions has been applied in lower
atmospheric applications (Palmer et al., 1998). We have plans to apply it to mesospheric
echoes as well.

Images are formed for each Doppler bin, and each image pixel or voxel consequently
represents a complete Doppler spectrum. Spectral information is conveyed through color
according to the example legend shown in Figure 1. Pixel colors represent the first
three moments of the spectrum, with the brightness, hue, and saturation specifying the
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Fig. 1. Scale for interpreting the image pixel coloration. Pixel brightness, hue, and saturation
are proportional to the echo signal-to-noise ratio in dB, Doppler shift in m/s, and spectral
width in m/s, respectively. Different axes ranges apply to the different images that follow.

signal-to-noise ratio, Doppler shift, and spectral width, respectively. In this example,
signal-to-noise ratios between 0–30 dB are represented. The range of Doppler velocities
evaluated is controlled by the radar interpulse period and is 300 m/s in this example. By
convention, RMS spectral widths between zero and the maximum Doppler shift are portrayed.
Incoherent integration times for imaging are typically on the order of a few seconds.

Fig. 2. Coherent scatter from F region plasma density irregularities associated with equatorial
spread F depletions on Feb. 21, 2009. The maximum unaliased Doppler velocity is 300 m/s.
Signal-to-noise ratios shown span 7–32 dB.

Figure 2 shows radar images of field-aligned plasma density irregularities associated with
equatorial spread F (ESF), a nighttime phenomenon characterized by plasma interchange
instability and the rapid ascent of depleted plasma wedges from the F region bottomside
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(triple-product) analysis, is bias free. If the baseline of the triad are suitably arranged, this can
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and support metrics, respectively, could be imposed to accomplish the first and second steps
of the aforementioned calibration, respectively, only within a unified imaging framework.
Since the brightness/visibility mapping is not linear in the phase biases, the procedure would
necessarily be iterative.
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1996). The number of sensors sampled has grown from four to eight in the intervening years.
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is nearly 100 wavelengths long in the direction perpendicular to the geomagnetic field. A
subset of the main antenna array is used for transmission, and a phase taper is applied to
broaden the main beam and reduce the sidelobe level. Images are normally computed over a
≈13◦-wide azimuth sector. In practice, only the central part of the sector contains echoes and
need be plotted.

At Jicamarca, imaging has mainly been applied to coherent scatter from field-aligned plasma
density irregularities. Different varieties of irregularities occupy altitudes between about
95–2500 km at the geomagnetic equator and can be detected by the strong, spectrally narrow
radar echoes that arise from them. While imaging is generally performed in two dimensions,
the echoes arrive from bearings very close to the locus of perpendicularity to the geomagnetic
field, and the images in each range gate can consequently be collapsed into a single dimension.
Alternatively, the imaging problem can be formulated in one dimension from the start. Two
dimensional images in range and azimuth are produced finally. Sequences of sequential
images can also be animated. Imaging in three dimensions has been applied in lower
atmospheric applications (Palmer et al., 1998). We have plans to apply it to mesospheric
echoes as well.

Images are formed for each Doppler bin, and each image pixel or voxel consequently
represents a complete Doppler spectrum. Spectral information is conveyed through color
according to the example legend shown in Figure 1. Pixel colors represent the first
three moments of the spectrum, with the brightness, hue, and saturation specifying the
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Fig. 1. Scale for interpreting the image pixel coloration. Pixel brightness, hue, and saturation
are proportional to the echo signal-to-noise ratio in dB, Doppler shift in m/s, and spectral
width in m/s, respectively. Different axes ranges apply to the different images that follow.

signal-to-noise ratio, Doppler shift, and spectral width, respectively. In this example,
signal-to-noise ratios between 0–30 dB are represented. The range of Doppler velocities
evaluated is controlled by the radar interpulse period and is 300 m/s in this example. By
convention, RMS spectral widths between zero and the maximum Doppler shift are portrayed.
Incoherent integration times for imaging are typically on the order of a few seconds.

Fig. 2. Coherent scatter from F region plasma density irregularities associated with equatorial
spread F depletions on Feb. 21, 2009. The maximum unaliased Doppler velocity is 300 m/s.
Signal-to-noise ratios shown span 7–32 dB.

Figure 2 shows radar images of field-aligned plasma density irregularities associated with
equatorial spread F (ESF), a nighttime phenomenon characterized by plasma interchange
instability and the rapid ascent of depleted plasma wedges from the F region bottomside
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into the topside. The depletions appear as tilted plumes in the equatorial plane. Here, five
plumes between 480–660 km altitude and separated horizontally by about 40 km subtend
the Jicamarca beam. No other instrument can provide two-dimensional imagery of ESF
plumes with details in the crucial intermediate-scale regime (kilometers to tens of kilometers).
Animated sequences of images provide dynamical information with the same detail.

Conventional range-time-intensity (RTI) representations of coherent scatter from ESF
demonstrate tremendous qualitative variability from event to event, whereas different plumes
generally appear to be similar in radar imagery. RTI plots have been likened to slit-camera
images from a “photo finish,” which may produce spurious evidence of horses with three
or five legs from time to time, for example (Woodman, 1997). Aperture synthesis imaging
reduces instrumental distortion, revealing the salient features of the phenomena under study.

Comparisons with in situ observations of ESF have shown that the bright patches in Figure 2
correspond to localized plasma depletions (Hysell et al., 2009). Moreover, the Doppler
shifts of those patches correspond closely to the vertical components of the local E × B
drifts. However, since the coherent scatter is spatially intermittent and not homogeneous, the
Doppler spectrum representing an entire range gate (without imaging) will not be indicative
of the average line-of-sight speed of the plasma in that gate. We know this intuitively; even
though the Doppler shifts from active ESF predominantly denote ascent, by mass and by
volume, the action of interchange instability is to push ionospheric plasma downward.

Fig. 3. Coherent scatter from the E and valley regions near twilight on Nov. 19, 2003. The
maximum unaliased Doppler velocity is 120 m/s. Signal-to-noise ratios shown span 25–45
dB.

Figure 3 shows coherent scatter imagery from around twilight when strong echoes were
observed between about 120–145 km in the equatorial valley region (Chau & Hysell, 2004).
The echoes do not appear to be directly connected with the equatorial electrojet, which is also
producing irregularities below about 112 km here. The valley echoes are organized into waves
with wavelengths of about 10 km which propagate downward and westward. The Doppler
shifts are mainly positive (downward) and vary systematically with height. It would have
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been difficult to distinguish this phenomenon from electrojet-related plasma waves on the
basis of RTI information alone.

The cause of the echoes and the underlying source of free energy have not been identified.
Recent simulations suggest that the marginal magnetization of the ions at these altitudes is
significant and that the irregularities may be due to a class of collisional drift waves. Radar
imaging will play a key role in the ongoing investigation of these irregularities.

Fig. 4. Radar images of so-called “150-km echoes” observed in the afternoon of Mar. 8, 2005.
The maximum unaliased Doppler velocity is 780 m/s. Signal-to-noise ratios shown span
7–25 dB.

Figure 4 presents radar images associated with the so-called “150-km” echoes (Chau, 2004;
Kudeki & Fawcett, 1993; Royrvik & Miller, 1981). These daytime echoes are enigmatic, having
regular and striking but unexplained patterns in RTI representations. The Doppler shifts of the
echoes are known to match the background line-of-sight E × B drift, implying that dielectric
plasma polarization probably does not play a significant role in irregularity production. The
spectra, in fact, conform in many ways to expectation for incoherent scatter, both looking
perpendicular to B and obliquely to B, and part of the 150-km echoes constitute an ion-line
enhancement Chau et al. (2009). The most obvious source of free energy for the irregularities
is photoelectron production, which peaks nearby, but the mechanisms at work have yet to be
articulated.

The 150-km echoes are weak compared to echoes from other equatorial plasma density
irregularities. The image in Figure 4 reveals that the echoes are not homogeneous or
beam filling but are instead spatially (and temporally) intermittent. Over time, the spatial
organization of the echoes in the imagery varies abruptly in a way that does not convey the
sense of proper motion.

Lastly, Figure 5 shows images of large-scale waves in the daytime equatorial electrojet (Farley,
1985; Farley & Balsley, 1973; Kudeki et al., 1982). Coherent scatter from the electrojet is the
strongest radar target in the upper atmosphere at VHF frequencies and is produced by a
combination of gradient-drift and Farley-Buneman instability. Here, large-scale gradient drift
waves with wavelengths of 1–2 km can be seen propagating westward under the influence
of a sheared zonal electron E × B flow associated with a Cowling conductivity. Echoes come
from gradient drift wave turbulence and from small-scale, secondary Farley-Buneman waves,
with large-telltale Doppler shifts. At night, the flow and the propagation direction reverse,
and the wavelength of the dominant large-scale waves increases.
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observed between about 120–145 km in the equatorial valley region (Chau & Hysell, 2004).
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producing irregularities below about 112 km here. The valley echoes are organized into waves
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been difficult to distinguish this phenomenon from electrojet-related plasma waves on the
basis of RTI information alone.

The cause of the echoes and the underlying source of free energy have not been identified.
Recent simulations suggest that the marginal magnetization of the ions at these altitudes is
significant and that the irregularities may be due to a class of collisional drift waves. Radar
imaging will play a key role in the ongoing investigation of these irregularities.

Fig. 4. Radar images of so-called “150-km echoes” observed in the afternoon of Mar. 8, 2005.
The maximum unaliased Doppler velocity is 780 m/s. Signal-to-noise ratios shown span
7–25 dB.

Figure 4 presents radar images associated with the so-called “150-km” echoes (Chau, 2004;
Kudeki & Fawcett, 1993; Royrvik & Miller, 1981). These daytime echoes are enigmatic, having
regular and striking but unexplained patterns in RTI representations. The Doppler shifts of the
echoes are known to match the background line-of-sight E × B drift, implying that dielectric
plasma polarization probably does not play a significant role in irregularity production. The
spectra, in fact, conform in many ways to expectation for incoherent scatter, both looking
perpendicular to B and obliquely to B, and part of the 150-km echoes constitute an ion-line
enhancement Chau et al. (2009). The most obvious source of free energy for the irregularities
is photoelectron production, which peaks nearby, but the mechanisms at work have yet to be
articulated.

The 150-km echoes are weak compared to echoes from other equatorial plasma density
irregularities. The image in Figure 4 reveals that the echoes are not homogeneous or
beam filling but are instead spatially (and temporally) intermittent. Over time, the spatial
organization of the echoes in the imagery varies abruptly in a way that does not convey the
sense of proper motion.

Lastly, Figure 5 shows images of large-scale waves in the daytime equatorial electrojet (Farley,
1985; Farley & Balsley, 1973; Kudeki et al., 1982). Coherent scatter from the electrojet is the
strongest radar target in the upper atmosphere at VHF frequencies and is produced by a
combination of gradient-drift and Farley-Buneman instability. Here, large-scale gradient drift
waves with wavelengths of 1–2 km can be seen propagating westward under the influence
of a sheared zonal electron E × B flow associated with a Cowling conductivity. Echoes come
from gradient drift wave turbulence and from small-scale, secondary Farley-Buneman waves,
with large-telltale Doppler shifts. At night, the flow and the propagation direction reverse,
and the wavelength of the dominant large-scale waves increases.
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Fig. 5. Coherent scatter from large-scale gradient drift waves in the daytime equatorial
electrojet on July 26, 2005. The maximum unaliased Doppler velocity is 600 m/s.
Signal-to-noise ratios shown span 27–47 dB.

The dominant wavelength of the waves, their phase speeds, and their dynamical behavior
are controlled by a surprisingly complex combination of quasilinear, nonlocal, and nonlinear
effects which have been described and simulated by Ronchi et al. (1989) and Hu &
Bhattacharjee (1998). Those results could be validated with an unusually high degree of detail
using radar imaging experiments (Hysell & Chau, 2002).

6. Summary and future work

Aperture synthesis radar imaging is applied routinely in observations of field-aligned plasma
density irregularities at low, middle, and high geomagnetic latitudes, and applications in
the lower and middle atmospheres are gradually emerging. Imaging discriminates targets
in bearing with resolution limited by the longest interferometry baseline length (rather
than by the size of the main antenna) and by the signal-to-noise ratio. It is well suited
for heterogeneous sensor arrays with regular or pseudo-random distributions and works
alongside other radar modalities like pulse compression and methods for spectral estimation
of overspread targets.

We have found the MaxEnt algorithm to be suitable for radar applications in upper
atmospheric research. It is an edge-preserving technique, equally applicable to point and
continuous targets, and is the embodiment of Occam’s razor, suppressing image features
for which there is no support in the data. While it was once considered computationally
expensive, ongoing improvements in computer performance have made real-time application
practical on multi-core systems.

Whereas the example imagery shown above was rendered in two dimensions, imaging
is generally performed in three. In the case of scatter from field-aligned plasma density
irregularities, information in the direction parallel to the geomegnetic field is limited and is
often ignored. However, the magnetic aspect sensitivity of the irregularities, the concentration
of the echoes near the locus of perpendicularity, can give insights into the underlying
generation mechanism (e.g. Kudeki et al. (1981)). Radar imaging could be used to measure
magnetic aspect sensitivity under different conditions in the different regions in the radar
field of view. This could be particularly revealing in the auroral electrojet, for example, where
different irregularity-producing instabilities may be excited inside, outside, and at the edges
of discrete auroral arcs.
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An obvious extension of the algorithms described in this paper involves radar imaging of
moderately overspread targets, ESF being a good example. Such targets can be investigated
using aperiodic or incremental-lag pulses (e.g. Chau et al. (2004); Uppala & Sahr (1994);
Virtanen et al. (2009)). This produces temporal lagged-products with nonuniform spacing
which can be spectrally analyzed using the same methodologies developed for imaging
(Hysell et al., 2008). Moreover, the spatio-temporal lagged products arising from aperiodic
aperture synthesis imaging experiments can be analyzed together in one operation, yielding
images in range, bearing, and the added dimension of Doppler frequency seamlessly. The
total number of distinct lagged products will be given by N(N − 1)/2, N being the product of
the number of sensors and the number of aperiodic pulses considered at a time. Compromises
in spectral and angular resolution will be required if the inverse problem is to remain tractable.

Finally, it has been our observation that the backscatter from ionospheric plasma density
irregularities in many contexts tends to be “clumpy” rather than diffuse. This information
could be exploited in the inversion scheme if the prior probability function were augmented
with a component based on an appropriate model Markov chain. Fully exploiting this
information would require processing data from multiple ranges and Doppler frequency bins
simultaneously, since the spatial organization occurs equally in bearing, range, and Doppler
frequency. That the “clumpy” targets often remain organized for long periods of time suggests
that this information should be folded in as well.
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Fig. 5. Coherent scatter from large-scale gradient drift waves in the daytime equatorial
electrojet on July 26, 2005. The maximum unaliased Doppler velocity is 600 m/s.
Signal-to-noise ratios shown span 27–47 dB.

The dominant wavelength of the waves, their phase speeds, and their dynamical behavior
are controlled by a surprisingly complex combination of quasilinear, nonlocal, and nonlinear
effects which have been described and simulated by Ronchi et al. (1989) and Hu &
Bhattacharjee (1998). Those results could be validated with an unusually high degree of detail
using radar imaging experiments (Hysell & Chau, 2002).

6. Summary and future work

Aperture synthesis radar imaging is applied routinely in observations of field-aligned plasma
density irregularities at low, middle, and high geomagnetic latitudes, and applications in
the lower and middle atmospheres are gradually emerging. Imaging discriminates targets
in bearing with resolution limited by the longest interferometry baseline length (rather
than by the size of the main antenna) and by the signal-to-noise ratio. It is well suited
for heterogeneous sensor arrays with regular or pseudo-random distributions and works
alongside other radar modalities like pulse compression and methods for spectral estimation
of overspread targets.

We have found the MaxEnt algorithm to be suitable for radar applications in upper
atmospheric research. It is an edge-preserving technique, equally applicable to point and
continuous targets, and is the embodiment of Occam’s razor, suppressing image features
for which there is no support in the data. While it was once considered computationally
expensive, ongoing improvements in computer performance have made real-time application
practical on multi-core systems.

Whereas the example imagery shown above was rendered in two dimensions, imaging
is generally performed in three. In the case of scatter from field-aligned plasma density
irregularities, information in the direction parallel to the geomegnetic field is limited and is
often ignored. However, the magnetic aspect sensitivity of the irregularities, the concentration
of the echoes near the locus of perpendicularity, can give insights into the underlying
generation mechanism (e.g. Kudeki et al. (1981)). Radar imaging could be used to measure
magnetic aspect sensitivity under different conditions in the different regions in the radar
field of view. This could be particularly revealing in the auroral electrojet, for example, where
different irregularity-producing instabilities may be excited inside, outside, and at the edges
of discrete auroral arcs.
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An obvious extension of the algorithms described in this paper involves radar imaging of
moderately overspread targets, ESF being a good example. Such targets can be investigated
using aperiodic or incremental-lag pulses (e.g. Chau et al. (2004); Uppala & Sahr (1994);
Virtanen et al. (2009)). This produces temporal lagged-products with nonuniform spacing
which can be spectrally analyzed using the same methodologies developed for imaging
(Hysell et al., 2008). Moreover, the spatio-temporal lagged products arising from aperiodic
aperture synthesis imaging experiments can be analyzed together in one operation, yielding
images in range, bearing, and the added dimension of Doppler frequency seamlessly. The
total number of distinct lagged products will be given by N(N − 1)/2, N being the product of
the number of sensors and the number of aperiodic pulses considered at a time. Compromises
in spectral and angular resolution will be required if the inverse problem is to remain tractable.

Finally, it has been our observation that the backscatter from ionospheric plasma density
irregularities in many contexts tends to be “clumpy” rather than diffuse. This information
could be exploited in the inversion scheme if the prior probability function were augmented
with a component based on an appropriate model Markov chain. Fully exploiting this
information would require processing data from multiple ranges and Doppler frequency bins
simultaneously, since the spatial organization occurs equally in bearing, range, and Doppler
frequency. That the “clumpy” targets often remain organized for long periods of time suggests
that this information should be folded in as well.
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1. Introduction

Doppler radars find a widespread use in the estimation of the velocity of discrete hard-targets
as described elsewhere in this volume. In case of soft-targets — collections of vast numbers of
weakly scattering elements filling the radar beam — the emphasis typically shifts to collecting
the statistics of random motions of the scattering elements — i.e., Doppler spectral estimation
— from which thermal or turbulent state of the target can be inferred, as appropriate.
For instance, in case of a plasma in thermal equilibrium, e.g., the quiescent ionosphere, a
Doppler radar of sufficient power-aperture-product can detect, in addition to the plasma
drift velocities, the densities, temperatures, and even current densities of charged particle
populations of the probed plasma — such Doppler radars used in ionospheric research are
known as incoherent scatter radars (ISR). In this chapter we will provide a simplified description
of ISR spectral theories (e.g., Kudeki & Milla, 2011) and also discuss magnetoionic propagation
effects pertinent to ionospheric applications of ISR’s at low latitudes. A second chapter in this
volume focusing on in-beam imaging of soft-targets by Hysell & Chau (2012) is pertinent to
non-equilibrium plasmas and complements the topics covered in this article.

The chapter is organized as follows: The working principles of ISR’s and the general theory
of incoherent scatter spectrum are described in Sections 2 and 3. ISR spectral features
in unmagnetized and magnetized plasmas are examined in Sections 4 and 5, respectively.
Coulomb collision process operating in magnetized ionosphere is described in Section 6.
Effects of Coulomb collisions on particle trajectories and ISR spectra are discussed in Sections
7 and 8. Finally, Section 9 discusses the magnetoionic propagation effects on incoherent
scattered radar signals. The chapter ends with a brief summary in Section 10.

2. Working principles of ISR’s

The basic physical mechanism underlying the operation of ISR’s is Thomson scattering of
elecromagnetic waves by ionospheric free electrons. Thomson scattering refers to the fact that
free electrons brought into oscillatory motions by incident radar pulses will re-radiate like
Hertzian dipoles at the frequency of the incident field. The total power of scattered fields in
an ISR experiment is a resultant of interference effects between re-radiated field components
arriving from free electrons occupying the radar field of view. Furthermore the frequency
spectrum of incoherent scatter signal is shaped by the same interference effects in addition
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weakly scattering elements filling the radar beam — the emphasis typically shifts to collecting
the statistics of random motions of the scattering elements — i.e., Doppler spectral estimation
— from which thermal or turbulent state of the target can be inferred, as appropriate.
For instance, in case of a plasma in thermal equilibrium, e.g., the quiescent ionosphere, a
Doppler radar of sufficient power-aperture-product can detect, in addition to the plasma
drift velocities, the densities, temperatures, and even current densities of charged particle
populations of the probed plasma — such Doppler radars used in ionospheric research are
known as incoherent scatter radars (ISR). In this chapter we will provide a simplified description
of ISR spectral theories (e.g., Kudeki & Milla, 2011) and also discuss magnetoionic propagation
effects pertinent to ionospheric applications of ISR’s at low latitudes. A second chapter in this
volume focusing on in-beam imaging of soft-targets by Hysell & Chau (2012) is pertinent to
non-equilibrium plasmas and complements the topics covered in this article.
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of incoherent scatter spectrum are described in Sections 2 and 3. ISR spectral features
in unmagnetized and magnetized plasmas are examined in Sections 4 and 5, respectively.
Coulomb collision process operating in magnetized ionosphere is described in Section 6.
Effects of Coulomb collisions on particle trajectories and ISR spectra are discussed in Sections
7 and 8. Finally, Section 9 discusses the magnetoionic propagation effects on incoherent
scattered radar signals. The chapter ends with a brief summary in Section 10.

2. Working principles of ISR’s

The basic physical mechanism underlying the operation of ISR’s is Thomson scattering of
elecromagnetic waves by ionospheric free electrons. Thomson scattering refers to the fact that
free electrons brought into oscillatory motions by incident radar pulses will re-radiate like
Hertzian dipoles at the frequency of the incident field. The total power of scattered fields in
an ISR experiment is a resultant of interference effects between re-radiated field components
arriving from free electrons occupying the radar field of view. Furthermore the frequency
spectrum of incoherent scatter signal is shaped by the same interference effects in addition
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to the distribution of random velocities of the electrons in the radar frame of reference in
accordance with a two-way Doppler effect.

The “incoherent scatter” concept refers, in essence, to a scattering scenario where each of
the Thomson scattering electrons would have statistically independent random motions. The
total scattered power would then be reduced to a simple sum (see below) of the return power
of individual electrons in the radar field of view treated as hard targets in terms of a standard
radar equation, i.e.,

Pr =
PtGt Ar

(4πr2)2 σe, (1)

with transmitted power and gain Pt and Gt, respectively, effective area Ar of the receiving
antenna, radar range r, and backscatter radar-cross-section (RCS) of an individual electron,
σe ≡ 4πr2

e , where re = e2(4π�omc2)−1 ≈ 2.181 × 10−15 m is the classical electron radius.

Ionospheric electron motions are not fully independent — i.e., particle trajectories are partially
correlated — however, and, as a consequence, the scattered radar power from the ionosphere
deviates form such a simple sum in a manner that depends on several factors including the
radar frequency, electron and ion temperatures, as well as ambient magnetic field of the
ionospheric plasma. This deviation is just one of many manifestations of the correlations
— also known as “collective effects” — between ionospheric charge carriers, including the
deviation of the Doppler frequency spectrum of the scattered fields from a simple Gaussian
shape (of thermal velocity distribution of electrons) implied by the ideal incoherent scatter
scenario. It turns out that the “complications” introduced by the collective effects in the
Doppler spectrum of this “not-exactly-incoherent-scatter” from the ionosphere amount to a
wealth of information that can be extracted from the ISR spectrum given its proper forward
model. This model will be described in the following sections.

Historical note: When ISR’s were first proposed (Gordon, 1958), it was expected that
ionospheric scattering from free electrons would be fully incoherent. First ISR measurements
(Bowles, 1958) showed that not to be the case. Realistic spectral models compatible with
the measurements and correlated particle motions were developed subsequently. Rapid
theoretical progress took place in the 1960’s, but issues related to ISR response at small
magnetic aspect angles were resolved only very recently (e.g., Milla & Kudeki, 2011) as
explained in Section 8.

3. From Thomson scatter to the general formulation of ISR spectrum

Since oscillating free electrons radiate like Hertzian dipoles, it can be shown, using elementary
antenna theory, that the backscattered field amplitude1 from an electron at a distance r to a
radar antenna is (using phasor notation)

Es = − re

r
e−jkorEi = − re

r
Eoe−j2kor, (2)

where Ei = Eoe−jkor is the incident field phasor and ko = ωo/c is the wavenumber of the
incident wave with a carrier frequency ωo. It follows that a collection of scattering electrons

1 Since transmitted and scattered fields are co-polarized we can avoid using a vector notation here.
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filling a small radar volume ΔV will produce a scattered field2

Es = −
NoΔV

∑
p=1

re

rp
Eope−j2korp ≈ − re

r
Eo

NoΔV

∑
p=1

ejk·rp . (3)

Here No is the mean density of free electrons within ΔV and the rightmost expression amounts
to invoking a plane wave approximation3 of the incident and scattered fields in terms of
scatterer position vector rp and a Bragg wave vector k = −2kor̂ pointing from the center
of subvolume ΔV to the location of the radar antenna (assuming a mono-static backscatter
radar geometry).

With electrons in (non-relativistic) motion, scattered field phasor (3) turns into

Es(t) = − re

r
Eo

NoΔV

∑
p=1

ejk·rp(t− r
c ) (4)

including a propagation time delay r/c of the scattered field from the center of volume4 ΔV.
It then follows that the auto-correlation function (ACF) of the scattered field is

�E∗
s (t)Es(t + τ)� = r2

e
r2 |Ei|2

NoΔV

∑
p=1

NoΔV

∑
q=1

�ejk·[rq(t+τ− r
c )−rp(t− r

c )]�, (5)

where angular brackets denote an expected value (ensemble average) operation. Using
�ejk·[rq−rp �=q ]� = �ejk·rq ��e−jk·rp � = 0 for statistically independent electrons (p �= q), this
reduces to

�E∗
s (t)Es(t + τ)� = r2

e
r2 |Ei|2NoΔV�ejk·[rq(t+τ− r

c )−rq(t− r
c )]� = r2

e
r2 |Ei|2NoΔV�ejk·Δr� (6)

with Δr ≡ rq(t + τ − r
c ) − rq(t − r

c ) denoting particle displacements over time intervals τ.
Only with (6), i.e., only under a strict incoherent scatter scenario, we can obtain

�|Es(t)|2� = r2
e

r2 |Ei|2NoΔV, (7)

a result that implies a total scattered power which is a simple sum over all scatterers
individually described by (1).

Collective effects in general invalidate the results (6) and (7) from being directly applicable.
Nevertheless the desired spectral model for ionospheric incoherent scatter can be expressed
in terms of (6) and (7) after suitable corrections and transformations. To obtain the model let
us first re-express (4) as

Es(t) = − re

r
Eone(k, t − r

c
) (8)

2 We assume here that ωo is sufficiently large so that dispersion effects due to plasma density No can be
neglected (or treated as perturbation effects). Also, multiple scattering is neglected.

3 Justified for r > 2koΔV2/3/π, the far-field condition for an antenna of size ΔV1/3.
4 ΔV is sufficiently small for electrons to move only an insignificant fraction of the radar wavelength

during an interval for light to propagate across ΔV.
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in terms of 3D spatial Fourier transform

ne(k, t) ≡
NoΔV

∑
p=1

e−jk·rpt (9)

of the microscopic density function ne(r, t) = ∑p δ(r − rp(t)) of the electrons5 in volume ΔV.
The scattered field spectrum for volume ΔV can then be expressed6 as

�|Es(ω)|2� = r2
e

r2 |Ei|2�|ne(k, ω)|2�ΔV (11)

in terms of the electron density frequency spectrum

�|ne(k, ω)|2� ≡
ˆ ∞

−∞
dτe−jωτ 1

ΔV
�n∗

e (k, t − r
c
)ne(k, t − r

c
+ τ)� (12)

which simplifies as

�|ne(k, ω)|2� = No

ˆ ∞

−∞
dτe−jωτ�ejk·Δr� ≡ �|nte(k, ω)|2� (13)

for independent electrons. We also have an identical expression �|nti(k, ω)|2� describing the
density spectrum independent ions in the same volume in terms of ion displacements Δr.

While neither �|nte(k, ω)|2� nor �|nti(k, ω)|2� are accurate representations of the density
spectra of electrons and ions in a real ionosphere (because of the neglect of collective effects),
it turns out that an accurate model for �|ne(k, ω)|2� can be expressed as a linear combination
of �|nte(k, ω)|2� and �|nti(k, ω)|2� given by

�|ne(k, ω)|2� = |jω�o + σi|2�|nte(k, ω)|2�
|jω�o + σe + σi|2

+
|σe|2�|nti(k, ω)|2�
|jω�o + σe + σi|2

, (14)

where σe,i denote the AC conductivities of electrons and ions in the medium. This result
can be derived (e.g., Kudeki & Milla, 2011) by enforcing charge conservation (i.e., continuity
equation) in a plasma carrying quasi-static macroscopic currents σe,iE forced by longitudinal
polarization fields7 E produced by the mismatch of thermally driven electron and ion density
fluctuations nte(k, t) and nti(k, t). Furthermore, Nyquist noise theorem (e.g., Callen & Welton,
1951) stipulates that the required conductivities are related to the thermal density spectra via
relations

ω2

k2 e2�|nte,i(k, ω)|2� = 2KTe,iRe{σe,i(k, ω)}. (15)

5 Here δ(·)’s denote Dirac’s deltas utilized to highlight the trajectories rp(t) of individual electrons.
6 This expression can be generalized as a soft-target radar equation

Pr =

ˆ ˆ |Ei |2/2ηo

4πr2 Ar 4πr2
e �|ne(k, ω)|2� dω

2π
dV (10)

for backscatter ISR’s having a scattering volume defined by the beam pattern associated with the
effective area function Ar(r).

7 Note that it is the response of individual particles to the quasi-static E that produces the mutual
correlations in their motions.
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And since σe,i(k, ω) can be uniquely obtained from Re{σe,i(k, ω)} using Kramer-Kronig
relations (e.g., Yeh & Liu, 1972), a full blown solution of the modeling problem can be
formulated in terms of “single particle correlations”�ejk·Δr� underlying the thermal density
spectra �|nte(k, ω)|2� and �|nti(k, ω)|2�.
This general formulation is as follows (see Appendix 2 in Kudeki & Milla, 2011, for a detailed
derivation): In terms of a one-sided integral transformation

Js(ω) ≡
ˆ ∞

0
dτ e−jωτ�ejk·Δrs �, (16)

known as Gordeyev integral for species s (e or i for the single-ion case), we have

�|nts(k, ω)|2�
No

= 2Re{Js(ωs)} and
σs(k, ω)

jω�o
=

1 − jωs Js(ωs)

k2h2
s

, (17)

where ωs ≡ ω − k · Vs is a Doppler-shifted frequency in the radar frame due to mean velocity
Vs of species s, hs ≡

√
�oKTs/Noe2 is the corresponding Debye length, and the k-ω spectrum

of electron density fluctuations in the equilibrium plasma is given by (14) or its multi-ion
generalizations.

The “general framework” of ISR spectral models represented by (16)-(17) and (14) (as well as
(10)) takes care of the macrophysics of the incoherent scatter process due to collective effects,
while microphysics details of the process remain to be addressed in the specification of single
particle ACF’s �ejk·Δr�.

4. Single particle ACF’s �ejk·Δr� for un-magnetized plasmas

We have just seen that ISR spectrum of ionospheric plasmas in thermal equilibrium can be
specified in terms of single particle ACF’s �ejk·Δr�. In general, an ACF �ejk·Δr� can be explicitly
computed if the probability distribution function (pdf) f (Δr), where Δr is the component of
Δr along k, is known. Alternatively, �ejk·Δr� can also be computed directly given an ensemble
of realizations of Δr for a given time delay τ. In either case, pdf’s f (Δr) or pertinent sets of Δr
data will reflect the dynamics of random particle motions taking place in ionospheric plasmas.

When Δr is a Gaussian random variable with a pdf

f (Δr) =
e
− Δr2

2�Δr2�√
2π�Δr2� , (18)

the single-particle ACF

�ejk·Δr� =
ˆ

ejkΔr f (Δr)d(Δr) = e−
1
2 k2�Δr2� (19)

depends on the mean-square displacement �Δr2� of the particles. In such cases incoherent
scatter modeling problem reduces to finding the appropriate variance expressions �Δr2�.
In a non-magnetized and collisionless plasma the charge carriers will move along straight line
(unperturbed) trajectories with random velocities v. In that case the displacement vectors will
be

Δr = vτ (20)
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Fig. 1. (a) A cartoon depicting particle displacements Δr in a plasma with straight line charge
carrier trajectories, and (b) a sample ISR spectrum for a non-magnetized and collisionless
plasma in thermal equilibrium.

over intervals τ. Assuming Maxwellian distributed velocity components v along wavevector
k, we then have Gaussian distributed displacements Δr = vτ with variances

�Δr2� = �v2�τ2 = C2τ2, (21)

where C =
√

KT/m is the thermal speed of the charge carrier. The corresponding single
particle ACF is in that case

�ejk·Δr� = e−
1
2 k2C2τ2

, (22)

which leads (via the general framework equations) to the most basic incoherent scatter
spectral model exhibiting double humped shapes as depicted in Figure 6b when (22) is applied
to both electrons and ions (with C = Ce and Ci, respectively).

The ACF (22) is also applicable in collisional plasmas so long as the relevant “collision
frequency” ν is small compared to the product kC, i.e., ν � kC, so that an average particle
moves a distance of many wavelengths 2π

k in between successive collisions. Otherwise, (22)
will only be valid until the “first collisions” take place at τ ∼ ν−1. At larger τ, the mean-square
displacement �Δr2� as well as the pdf f (Δr) will in general depend on the details of the
dominant collision process.

Long range Coulomb collisions between charged particles (e.g., electrons and ions) are
frequently modeled as a “Brownian motion” process8, a procedure which leads (e.g., Kudeki
& Milla, 2011) to a Gaussian f (Δr) with a variance

�Δr2� = 2C2

ν2 (ντ − 1 + e−ντ). (23)

8 As discussed in Kudeki & Milla (2011) and here in Section 7, in Brownian motion the position
and velocity increments are Gaussian random variables and correspond to stochastic solutions of a
first-order Langevin update equation with constant coefficients.
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The corresponding single particle ACF is

�ejk·Δr� = e−
k2C2

ν2 (ντ−1+e−ντ), (24)

having the asymptotic limits (22) as well as

�ejk·Δr� = e−
k2C2

ν τ (25)

for ν � kC and ν � kC, respectively. Note that when (25) is applicable, with ν � kC,
an average particle moves across only a small fraction of a wavelength 2π

k in between
successive collisions. In Coulomb interactions, the time ν−1 between “effective collisions” (an
accumulated effect of interactions with many collision partners via their microscopic Coulomb
fields) can be interpreted as the time interval over which the particle velocity vector rotates by
about 90◦.

Binary collisions of charge carriers with neutral atoms and molecules — dominant in the
lower ionosphere — can be modeled as a Poisson process (Milla & Kudeki, 2009) and treated
kinetically using the BGK collision operator (e.g., Dougherty & Farley, 1963). As shown in
Milla & Kudeki (2009), in binary collisions with neutrals the mean-squared displacement of
charge carriers is still given by (23), but the relevant pdf f (Δr) is a Gaussian only for short
and long delays τ satisfying ντ � 1 and ντ � 1, respectively. At intermediate τ’s the
ACF of a collisional plasma dominated by binary collisions will then deviate from (24) and
as a result collisional spectra will in general exhibit minor differences between binary and
Coulomb collisions except in ν � kC and ν � kC limits (Hagfors & Brockelman, 1971; Milla
& Kudeki, 2009).

As the above discussion implies, the single particle ACF in the high collision limit (ν � kC)
is insensitive to the distinctions between Coulomb and binary collisions and obeys a simple
relation (25). In that limit it is fairly straightforward to evaluate the corresponding Gordeyev
integrals analytically, and obtain (via the general framework equations) a Lorentzian shaped
electron density spectrum (mainly the “ion-line”),

�|ne(k, ω)|2�
No

≈ 2k2Di
ω2 + (2k2Di)2 , (26)

valid for kh � 1 (wavelength larger than Debye length), where Di ≡ C2
i /νi = KTi/miνi

denotes the ion diffusion coefficient in the collisional plasma. This result is pertinent to
D-region incoherent scatter observations (see Figure 2) neglecting possible complications due
to the presence of negative ions (e.g., Mathews, 1984). Also, from (26) it follows that

�|ne(k)|2� ≡
ˆ ∞

−∞

dω

2π
�|ne(k, ω)|2� = No

2
, (27)

which is in fact true in general — i.e., for all types of plasmas with or without collisions and/or
DC magnetic field — so long as Te = Ti and kh � 1. In view of radar equation (10), this result
leads to a well-known volumetric radar cross-section (RCS) formula

4πr2
e �|ne(k)|2� = 2πr2

e No (28)

for ISR’s that is valid under the same conditions as (27). Hence, RCS measurements with ISR’s
can provide us with ionospheric mean densities No.
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Fig. 1. (a) A cartoon depicting particle displacements Δr in a plasma with straight line charge
carrier trajectories, and (b) a sample ISR spectrum for a non-magnetized and collisionless
plasma in thermal equilibrium.
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k, we then have Gaussian distributed displacements Δr = vτ with variances
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where C =
√
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1
2 k2C2τ2

, (22)
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Long range Coulomb collisions between charged particles (e.g., electrons and ions) are
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& Milla, 2011) to a Gaussian f (Δr) with a variance

�Δr2� = 2C2

ν2 (ντ − 1 + e−ντ). (23)

8 As discussed in Kudeki & Milla (2011) and here in Section 7, in Brownian motion the position
and velocity increments are Gaussian random variables and correspond to stochastic solutions of a
first-order Langevin update equation with constant coefficients.
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Fig. 2. Collisional D-region spectrograms from Jicamarca Radio Observatory (from Chau &
Kudeki, 2006).
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Fig. 3. Backscattering geometry in a magnetized ionosphere parametrized by wavevector
components k� and k⊥ and aspect angle α = tan−1(k�/k⊥).

5. Incoherent scatter from a magnetized ionosphere

In a magnetized ionosphere with an ambient magnetic field B, it is convenient to express the
scattered wavevector as k = b̂k� + p̂k⊥, where b̂ and p̂ are orthogonal unit vectors on k-B
plane which are parallel and perpendicular to B, respectively, as depicted in Figure 3. We can
then express the single particle ACF as

�ejk·Δr� = �ej(k�Δr+k⊥Δp)� = �ejk�Δr × ejk⊥Δp�, (29)

where Δr and Δp are particle displacements along unit vectors b̂ and p̂. Assuming
independent Gaussian random variables Δr and Δp, we can then write

�ejk·Δr� = e−
1
2 k2

��Δr2� × e−
1
2 k2

⊥�Δp2� (30)

in analogy with the non-magnetized case. The assumptions are clearly justified in case of a
collisionless ionosphere (or for intervals τ such that τν � 1), in which case

�Δr2� = C2τ2 (31)

and, as shown in Kudeki & Milla (2011),

�Δp2� = 4C2

Ω2 sin2(Ωτ/2), (32)
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where Ω ≡ qB
m is the particle gyrofrequency. The mean-square displacement (32) which is

periodic in τ is can be derived by invoking circular particle orbits with periods 2π/Ω and
mean radii

√
2C/Ω on the plane perpendicular to B. As a consequence of (31) and (32), ISR

spectra in a magnetized but collisionless ionosphere can be derived from the single particle
ACF

�ejk·Δr� = e−
1
2 k2

�C2τ2 × e−
2k2⊥C2

Ω2 sin2(Ωτ/2) (33)

for electrons and ions.

Note that the ACF (33) becomes periodic and the associated Gordeyev integrals and spectra
become singular (expressed in terms of Dirac’s deltas) in k� → 0 limit. Spectral singularities
are of course not observed in practice since collisions in a real ionosphere end up limiting the
width of single particle ACF’s in τ in the limit of small “aspect angles” α = tan−1(k�/k⊥).

Despite the singularities in (33), it turns out that for finite aspect angles α larger than a few
degrees, the collisionless result (33) leads us to the most frequently used ISR spectral model

at F-region heights. This is true because given a finite k�, the term e−
1
2 k2

�C2τ2
in (33) restricts

the width of the ACF to a finite value of ∼ (k�C)−1 even in the absence of collisions (or when
collision frequencies are smaller than k�C). It can then be shown that for τ � (k�C)−1, as well
as Ωτ � 2π (easily satisfied by massive ions), the ACF (33) for ions recombines to a simplified
form e− 1

2 k2C2τ2
as if the plasma were non-magnetized. Also with finite k�, the ACF (33) for

electrons simplifies to e− 1
2 k2 sin2 αC2τ2

, since for the light electrons a condition k⊥C � Ω can be
easily invoked to ignore the rightmost exponential in (33) (or even more accurately, replace it

with its average value over τ, namely, 1 − k2
⊥C2

Ω2 ). These ion and electron ACF’s exhibit similar
τ dependencies and lead to similar shaped Gordeyev integrals. The resulting ISR spectra are
of the “double humped” type shown in Figure 1b.

6. Modeling the Coulomb collision effects in magnetized plasmas

As we have noted, the form (33) of the single particle ACF indicates that magnetic field effects
in ISR response are confined to small aspect angles, which is also the regime where collision
effects cannot be neglected (e.g., Farley, 1964; Sulzer & González, 1999; Woodman, 1967) given
the non-physical behavior of ACF (33) in α → 0◦ limit.

Historical note: The need to account for the effects of collisions in incoherent scatter theory of
ionospheric F-region returns was first pointed out by Farley (1964). Based on a qualitative
analysis, Farley recognized that ion Coulomb collisions would be responsible for the lack of
O+ gyroresonance signatures on incoherent scatter observations carried out at 50 MHz at the
Jicamarca Radio Observatory located near Lima, Peru. This analysis was later verified by
the theoretical work of Woodman (1967) which was based on the simplified Fokker-Planck
collision model of Dougherty (1964). Many years later, after the application of modern
radar and signal processing techniques to the measurement and analysis of ISR signals (e.g.,
Kudeki et al., 1999), Sulzer & González (1999) noted that, in addition to ion collisions, electron
Coulomb collisions also have an influence on the shape of the ISR spectra at small magnetic
aspect angles. Based on a more complex Fokker-Planck Coulomb collision model, Sulzer &
González found that the collisional spectrum is narrower (just like the observations of Kudeki
et al., 1999) than what the collisionless theory predicts and that the effect of electron collisions
extends up to relatively large magnetic aspect angles. Recently, this work has been refined and
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Fig. 2. Collisional D-region spectrograms from Jicamarca Radio Observatory (from Chau &
Kudeki, 2006).
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In a magnetized ionosphere with an ambient magnetic field B, it is convenient to express the
scattered wavevector as k = b̂k� + p̂k⊥, where b̂ and p̂ are orthogonal unit vectors on k-B
plane which are parallel and perpendicular to B, respectively, as depicted in Figure 3. We can
then express the single particle ACF as
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where Δr and Δp are particle displacements along unit vectors b̂ and p̂. Assuming
independent Gaussian random variables Δr and Δp, we can then write

�ejk·Δr� = e−
1
2 k2
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1
2 k2

⊥�Δp2� (30)

in analogy with the non-magnetized case. The assumptions are clearly justified in case of a
collisionless ionosphere (or for intervals τ such that τν � 1), in which case

�Δr2� = C2τ2 (31)

and, as shown in Kudeki & Milla (2011),

�Δp2� = 4C2

Ω2 sin2(Ωτ/2), (32)
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τ dependencies and lead to similar shaped Gordeyev integrals. The resulting ISR spectra are
of the “double humped” type shown in Figure 1b.

6. Modeling the Coulomb collision effects in magnetized plasmas

As we have noted, the form (33) of the single particle ACF indicates that magnetic field effects
in ISR response are confined to small aspect angles, which is also the regime where collision
effects cannot be neglected (e.g., Farley, 1964; Sulzer & González, 1999; Woodman, 1967) given
the non-physical behavior of ACF (33) in α → 0◦ limit.

Historical note: The need to account for the effects of collisions in incoherent scatter theory of
ionospheric F-region returns was first pointed out by Farley (1964). Based on a qualitative
analysis, Farley recognized that ion Coulomb collisions would be responsible for the lack of
O+ gyroresonance signatures on incoherent scatter observations carried out at 50 MHz at the
Jicamarca Radio Observatory located near Lima, Peru. This analysis was later verified by
the theoretical work of Woodman (1967) which was based on the simplified Fokker-Planck
collision model of Dougherty (1964). Many years later, after the application of modern
radar and signal processing techniques to the measurement and analysis of ISR signals (e.g.,
Kudeki et al., 1999), Sulzer & González (1999) noted that, in addition to ion collisions, electron
Coulomb collisions also have an influence on the shape of the ISR spectra at small magnetic
aspect angles. Based on a more complex Fokker-Planck Coulomb collision model, Sulzer &
González found that the collisional spectrum is narrower (just like the observations of Kudeki
et al., 1999) than what the collisionless theory predicts and that the effect of electron collisions
extends up to relatively large magnetic aspect angles. Recently, this work has been refined and
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extended by Milla & Kudeki (2011). The new procedure allows the calculation of collisional
IS spectra at all magnetic aspect angles including the perpendicular-to-B direction (α = 0◦) as
needed for IS radar applications. In this section, we present the procedure developed by Milla
& Kudeki (2011) to model the effects of Coulomb collisions on the incoherent scatter spectrum.

The single-particle ACF �ejk·Δr� in a collisional plasma including a magnetic field can in
principle be calculated by taking the spatial Fourier transform of the probability distribution
f (Δr, τ) of the particle displacement Δr appropriate for such plasmas, and f (Δr, τ) in turn
can be derived from the solution f (r, t) of the Boltzmann kinetic equation with a collision
operator, e.g., the Fokker-Planck kinetic equation of Rosenbluth et al. (1957). Although,
analytical solutions of simplified versions of the Fokker-Planck kinetic equation are available
(e.g., Chandrasekhar, 1943; Dougherty, 1964), determining f (Δr, τ) would be a daunting task
when the full Fokker-Planck equation is considered.

We will discuss here an alternative and more practicable approach that involves Monte Carlo
simulations of sample paths r(t) of particles undergoing Coulomb collisions. A sufficiently
large set of samples of trajectories r(t) can then be used to compute �ejk·Δr� as well as
any other statistical function of Δr assuming the random process r(t) to be ergodic. This
alternate procedure requires the availability of a stochastic equation describing how the
particle velocities

v(t) ≡ dr
dt

(34)

may evolve under the influence of Coulomb collisions.

Assuming that under Coulomb collisions the velocities v(t) constitute a Markovian random
process — meaning that past values of v would be of no help in predicting its future values if
the present value is available — the stochastic evolution equation of v(t) will be constrained
by very strict self-consistency conditions discussed by Gillespie (1996a;b) to acquire the form
of a Langevin equation

dv(t)
dt

= A(v, t) + C̄(v, t)W(t) (35)

where vector A(v, t) and matrix C̄(v, t) consist of arbitrary smooth functions of arguments
v and t, and W(t) is a random vector having statistically independent Gaussian white noise
components

Wi(t) = lim
Δt→0

N (0, 1/Δt), (36)

compatible with the requirement that �Wi(t + τ)Wi(t)� = δ(τ). Here and elsewhere N (μ, σ2)
denotes the normal random variable with mean μ and variance σ2.

A more natural way of expressing the Langevin equation (35) is to cast it in an update form,
namely

v(t + Δt) = v(t) + A(v, t)Δt + C̄(v, t)Δt1/2U(t), (37)

where Δt is an infinitesimal update interval and U(t) is a vector composed of independent
zero-mean Gaussian random variables with unity variance, i.e., Ui(t) = N (0, 1).

Note that the Langevin equation describing a Markovian process has the form of Newton’s
second law of motion, with the terms on the right representing forces per unit mass exerted on
plasma particles. Considering the Lorentz force on a charged particle in a magnetized plasma
with a constant magnetic field B, and not violating the strict format of (35), we can modify the
equation by adding a term qv(t)× B/m to its right hand side.

386
Doppler Radar Observations – 

Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications Incoherent Scatter Radar — Spectral Signal Model and Ionospheric Applications 11

Another relevant fact is that a special type of Markov process characterized by a linear
A(v, t) = −βv and a constant matrix C̄ = D1/2 Ī, independent of v and t, is known as
Brownian motion process (e.g., Chandrasekhar, 1942; Uhlenbeck & Ornstein, 1930), which is
often invoked in simplified models of collisional plasmas (e.g., Dougherty, 1964; Holod et al.,
2005; Woodman, 1967) including our earlier result (24) with ν = β. In these models, friction
and diffusion coefficients, β and D, are constrained to be related by

D =
2KT

m
β (38)

for a plasma in thermal equilibrium.

In return for having restricted v(t) to the space of Markovian processes, we have gained a
stochastic evolution equation (35) with a plausible Newtonian interpretation and with the
potential of taking us beyond Brownian motion based collision models. Furthermore, the
evolution of probability density f (v, t) of a random variable v(t) is known to be governed,
when v(t) is Markovian, by the Fokker-Planck kinetic equation having a “friction vector” and
“diffusion tensor” 〈

Δv
Δt

〉

c
= A(v, t), (39)

and 〈
ΔvΔvT

Δt

〉

c
= C̄(v, t)C̄T(v, t), (40)

respectively, specified in terms of the input functions of the Langevin equation. This
intimate link between the Langevin and Fokker-Planck equations — in describing Markovian
processes from two different but mutually compatible perspectives — was first pointed out
by Chandrasekhar (1943) and discussed in detail by Gillespie (1996b).

Since the Fokker-Planck friction vector and diffusion tensor for equilibrium plasmas with
Coulomb interactions have already been worked out by Rosenbluth et al. (1957) as

〈
Δv
Δt

〉

c
= −β(v)v (41)

and 〈
ΔvΔvT

Δt

〉

c
=

D⊥(v)
2

Ī +
(

D�(v)−
D⊥(v)

2

)
vvT

v2 , (42)

in terms of scalar functions β(v), D�(v), D⊥(v), it follows that the Langevin update equation,
magnetized version of (37), can be written as

v(t + Δt) = v(t) +
q
m

v(t)× B Δt

− β(v)Δt v(t) +
√

D�(v)Δt U1 v̂� +
√

D⊥(v)
Δt
2

(U2 v̂⊥1 + U3 v̂⊥2) , (43)

where v̂�(t), v̂⊥1(t), and v̂⊥2(t) denote an orthogonal set of unit vectors parallel and
perpendicular to the particle trajectory and Ui(t) = N (0, 1) are independent random
numbers. For weakly magnetized plasmas of interest here, where Debye lengths are
smaller than the mean gyro radii, the “friction coefficient” β(v) and velocity-space diffusion
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N (0, 1/Δt), (36)

compatible with the requirement that �Wi(t + τ)Wi(t)� = δ(τ). Here and elsewhere N (μ, σ2)
denotes the normal random variable with mean μ and variance σ2.

A more natural way of expressing the Langevin equation (35) is to cast it in an update form,
namely

v(t + Δt) = v(t) + A(v, t)Δt + C̄(v, t)Δt1/2U(t), (37)

where Δt is an infinitesimal update interval and U(t) is a vector composed of independent
zero-mean Gaussian random variables with unity variance, i.e., Ui(t) = N (0, 1).

Note that the Langevin equation describing a Markovian process has the form of Newton’s
second law of motion, with the terms on the right representing forces per unit mass exerted on
plasma particles. Considering the Lorentz force on a charged particle in a magnetized plasma
with a constant magnetic field B, and not violating the strict format of (35), we can modify the
equation by adding a term qv(t)× B/m to its right hand side.
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Another relevant fact is that a special type of Markov process characterized by a linear
A(v, t) = −βv and a constant matrix C̄ = D1/2 Ī, independent of v and t, is known as
Brownian motion process (e.g., Chandrasekhar, 1942; Uhlenbeck & Ornstein, 1930), which is
often invoked in simplified models of collisional plasmas (e.g., Dougherty, 1964; Holod et al.,
2005; Woodman, 1967) including our earlier result (24) with ν = β. In these models, friction
and diffusion coefficients, β and D, are constrained to be related by

D =
2KT

m
β (38)

for a plasma in thermal equilibrium.

In return for having restricted v(t) to the space of Markovian processes, we have gained a
stochastic evolution equation (35) with a plausible Newtonian interpretation and with the
potential of taking us beyond Brownian motion based collision models. Furthermore, the
evolution of probability density f (v, t) of a random variable v(t) is known to be governed,
when v(t) is Markovian, by the Fokker-Planck kinetic equation having a “friction vector” and
“diffusion tensor” 〈

Δv
Δt

〉

c
= A(v, t), (39)

and 〈
ΔvΔvT

Δt

〉

c
= C̄(v, t)C̄T(v, t), (40)

respectively, specified in terms of the input functions of the Langevin equation. This
intimate link between the Langevin and Fokker-Planck equations — in describing Markovian
processes from two different but mutually compatible perspectives — was first pointed out
by Chandrasekhar (1943) and discussed in detail by Gillespie (1996b).

Since the Fokker-Planck friction vector and diffusion tensor for equilibrium plasmas with
Coulomb interactions have already been worked out by Rosenbluth et al. (1957) as

〈
Δv
Δt

〉

c
= −β(v)v (41)

and 〈
ΔvΔvT

Δt

〉

c
=

D⊥(v)
2

Ī +
(

D�(v)−
D⊥(v)

2

)
vvT

v2 , (42)

in terms of scalar functions β(v), D�(v), D⊥(v), it follows that the Langevin update equation,
magnetized version of (37), can be written as

v(t + Δt) = v(t) +
q
m

v(t)× B Δt

− β(v)Δt v(t) +
√

D�(v)Δt U1 v̂� +
√

D⊥(v)
Δt
2

(U2 v̂⊥1 + U3 v̂⊥2) , (43)

where v̂�(t), v̂⊥1(t), and v̂⊥2(t) denote an orthogonal set of unit vectors parallel and
perpendicular to the particle trajectory and Ui(t) = N (0, 1) are independent random
numbers. For weakly magnetized plasmas of interest here, where Debye lengths are
smaller than the mean gyro radii, the “friction coefficient” β(v) and velocity-space diffusion
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Fig. 4. Sample trajectory of an electron moving in an O+ plasma with density Ne = 1012 m−3,
temperatures Te = Ti = 1000 K, and an ambient magnetic field B = ẑ25000 nT. Top left panel
depicts the trajectory in 3D space; projection on the x-y plane (the plane perpendicular to B)
is shown on the right; displacements parallel to B are depicted in the bottom plot (from Milla
& Kudeki, 2011).

coefficients D�(v) and D⊥(v) needed in (43) take the forms derived by Rosenbluth et al. (1957)
which, for Maxwellian plasmas, have the Spitzer forms given in Milla & Kudeki (2011).

The velocity update equation (43) just described, along with its position counterpart

r(t + Δt) = r(t) + v(t)Δt, (44)

constitute our model equations for examining the effects of Coulomb collisions on incoherent
scatter response from magnetized plasmas. These equations are used to simulate particle
trajectories such as one shown in Figure 4 from which particle displacement statistics needed
in ISR spectral models are estimated as explained in Sections 7 and 8.

7. Coulomb collision effects on ion and electron trajectories

7.1 Statistics of ion displacements

First we use the update equations (43) and (44) to simulate sample trajectories r(t) of an
ion, e.g., an oxygen ion O+, moving in an ionospheric plasma with suppressed collective
interactions but experiencing Coulomb collisions. Using the trajectory data, we can build up
the probability distributions of the displacements Δr in directions perpendicular and parallel
to the magnetic field for different time delays. Analyzing both distributions (parallel and
perpendicular), we notice that their shapes are in essence Gaussian for time delays smaller
than the inverse of the corresponding collision frequency. In Figure 5, we show examples
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Fig. 5. Probability distributions of the displacements of a test ion in the directions
perpendicular (top panels) and parallel (bottom panels) to the magnetic field. On the left, the
displacement pdf’s are displayed as functions of time delay τ. On the right, sample cuts of
the pdf’s are compared to a Gaussian distribution. Note that all distributions at all time
delays are normalized to unit variance. The displacement axis of each distribution at every
delay τ is scaled with the corresponding standard deviation of the simulated displacements
(from Milla & Kudeki, 2011).

of the distributions of the ion displacements in the directions perpendicular and parallel to
the magnetic field. In this case, we have considered an oxygen ion moving in a plasma with
density Ne = 1012 m−3, temperatures Te = Ti = 1000 K and magnetic field Bo = 25000 nT.
Note that, at every delay τ, the distributions have been normalized to unit variance by scaling
the displacement axis of each distribution with the corresponding standard deviation of the
particle displacements. On the left panels, the distributions are displayed as functions of τ,
while, on the right panels, sample cuts of these distributions are compared to a Gaussian
pdf showing good agreement. In addition, we can verify that the components of the vector
displacement (i.e., Δrx, Δry, and Δrz) are mutually uncorrelated.

This analysis implies that ion particle displacements can be represented as jointly Gaussian
Δr components, therefore the single-particle ACF takes the form (e.g., Kudeki & Milla, 2011)

�ejk·Δr� = e−
1
2 k2 sin2 α�Δr2

�� × e−
1
2 k2 cos2 α�Δr2

⊥�, (45)
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Fig. 4. Sample trajectory of an electron moving in an O+ plasma with density Ne = 1012 m−3,
temperatures Te = Ti = 1000 K, and an ambient magnetic field B = ẑ25000 nT. Top left panel
depicts the trajectory in 3D space; projection on the x-y plane (the plane perpendicular to B)
is shown on the right; displacements parallel to B are depicted in the bottom plot (from Milla
& Kudeki, 2011).

coefficients D�(v) and D⊥(v) needed in (43) take the forms derived by Rosenbluth et al. (1957)
which, for Maxwellian plasmas, have the Spitzer forms given in Milla & Kudeki (2011).

The velocity update equation (43) just described, along with its position counterpart

r(t + Δt) = r(t) + v(t)Δt, (44)

constitute our model equations for examining the effects of Coulomb collisions on incoherent
scatter response from magnetized plasmas. These equations are used to simulate particle
trajectories such as one shown in Figure 4 from which particle displacement statistics needed
in ISR spectral models are estimated as explained in Sections 7 and 8.

7. Coulomb collision effects on ion and electron trajectories

7.1 Statistics of ion displacements

First we use the update equations (43) and (44) to simulate sample trajectories r(t) of an
ion, e.g., an oxygen ion O+, moving in an ionospheric plasma with suppressed collective
interactions but experiencing Coulomb collisions. Using the trajectory data, we can build up
the probability distributions of the displacements Δr in directions perpendicular and parallel
to the magnetic field for different time delays. Analyzing both distributions (parallel and
perpendicular), we notice that their shapes are in essence Gaussian for time delays smaller
than the inverse of the corresponding collision frequency. In Figure 5, we show examples
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Fig. 5. Probability distributions of the displacements of a test ion in the directions
perpendicular (top panels) and parallel (bottom panels) to the magnetic field. On the left, the
displacement pdf’s are displayed as functions of time delay τ. On the right, sample cuts of
the pdf’s are compared to a Gaussian distribution. Note that all distributions at all time
delays are normalized to unit variance. The displacement axis of each distribution at every
delay τ is scaled with the corresponding standard deviation of the simulated displacements
(from Milla & Kudeki, 2011).

of the distributions of the ion displacements in the directions perpendicular and parallel to
the magnetic field. In this case, we have considered an oxygen ion moving in a plasma with
density Ne = 1012 m−3, temperatures Te = Ti = 1000 K and magnetic field Bo = 25000 nT.
Note that, at every delay τ, the distributions have been normalized to unit variance by scaling
the displacement axis of each distribution with the corresponding standard deviation of the
particle displacements. On the left panels, the distributions are displayed as functions of τ,
while, on the right panels, sample cuts of these distributions are compared to a Gaussian
pdf showing good agreement. In addition, we can verify that the components of the vector
displacement (i.e., Δrx, Δry, and Δrz) are mutually uncorrelated.

This analysis implies that ion particle displacements can be represented as jointly Gaussian
Δr components, therefore the single-particle ACF takes the form (e.g., Kudeki & Milla, 2011)

�ejk·Δr� = e−
1
2 k2 sin2 α�Δr2

�� × e−
1
2 k2 cos2 α�Δr2

⊥�, (45)
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Fig. 6. Simulated single-ion ACF’s at different magnetic aspect angles α for two radar Bragg
wavelengths: (a) λB = 3 m and (b) λB = 0.3 m. The simulation results (color lines) are
compared to theoretical ACF’s computed using expression (51) of the Brownian-motion
approximation (dashed lines). Note that there is effectively no dependence on aspect angle α
(from Milla & Kudeki, 2011).

where, assuming a Brownian-motion process with distinct friction coefficients ν� and ν⊥ in
the directions parallel and perpendicular to B, the mean square displacements will vary as

�Δr2
�� =

2C2

ν2
�

(
ν�τ − 1 + e−ν�τ

)
(46)

and

�Δr2
⊥� =

2C2

ν2
⊥ + Ω2

(
cos(2γ) + ν⊥τ − e−ν⊥τ cos(Ωτ − 2γ)

)
(47)

in which γ ≡ tan−1(ν⊥/Ω), and C ≡ √
KT/m and Ω ≡ qB/m are, respectively, the thermal

speed and gyrofrequency of the particles. Furthermore, simulated �Δr2
�,⊥� match (46) and (47)

with
ν⊥ ≈ ν� ≈ νi/i, (48)

where

νi/i =
Ne e4 ln Λi

12 π3/2 �2
o m2

i C3
i

(49)

is the Spitzer ion-ion collision frequency given by Callen (2006) and Milla & Kudeki (2011).

The simulations also indicate, in the case of oxygen ions,

�Δr2
�� ≈ �Δr2

⊥� ≈ C2
i τ2 (50)

for short time delays ν�τ � 1 and ν⊥τ < Ωiτ � 1, in consistency with (46) and (47). Hence
(45) simplifies to

�ejk·Δri � ≈ e−
1
2 k2C2

i τ2
. (51)

Evidently, the single-oxygen-ion ACF’s are essentially the same as in collisionless and
non-magnetized plasmas because (a) the ions move by many Bragg wavelengths λB = 2π/k
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Fig. 7. Same as Figure 5 but for the case of a test electron. All distributions at all time delays
are normalized to unit variance. Note that the distributions of the displacements parallel to B
become narrower than a Gaussian distribution (from Milla & Kudeki, 2011).

between successive Spitzer collisions, and (b) the ions are unable to return to within λB/2π
of their starting positions after a gyro-period as a consequence of Coulomb collisions. As an
upshot, we will be able to handle the ion terms analytically in spectral calculations.

7.2 Statistics of electron displacements

Next, we study the effects of Coulomb collisions on electron trajectories using procedures
similar to those applied to ions. In Figure 7, the displacement distributions resulting
from an electron moving in an O+ plasma are presented. The top and bottom panels in
Figure 7 correspond, respectively, to displacement distributions in perpendicular and parallel
directions. On the left, the distributions are displayed as functions of τ, while on the the
right, sample cuts of the distributions are compared to a Gaussian pdf. As in the ion case, we
note that the normalized distributions for perpendicular direction to be invariant with τ and
closely match a Gaussian. However, the distributions of parallel displacements change with τ,
and the shapes are distinctly non-Gaussian for intermediate values of τ. More specifically, at
very small time delays (lower than the inverse of a collision frequency), the distributions are
Gaussian, but then, in a few “collision” times, the distribution curves become more “spiky”
(positive kurtosis) than a Gaussian. Although, at even longer delays τ the distributions once
again relax to a Gaussian shape, it is clear that the electron displacement in the direction
parallel to B is not a Gaussian random variable at all time delays τ.
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Fig. 6. Simulated single-ion ACF’s at different magnetic aspect angles α for two radar Bragg
wavelengths: (a) λB = 3 m and (b) λB = 0.3 m. The simulation results (color lines) are
compared to theoretical ACF’s computed using expression (51) of the Brownian-motion
approximation (dashed lines). Note that there is effectively no dependence on aspect angle α
(from Milla & Kudeki, 2011).

where, assuming a Brownian-motion process with distinct friction coefficients ν� and ν⊥ in
the directions parallel and perpendicular to B, the mean square displacements will vary as

�Δr2
�� =

2C2

ν2
�

(
ν�τ − 1 + e−ν�τ

)
(46)

and

�Δr2
⊥� =

2C2

ν2
⊥ + Ω2

(
cos(2γ) + ν⊥τ − e−ν⊥τ cos(Ωτ − 2γ)

)
(47)

in which γ ≡ tan−1(ν⊥/Ω), and C ≡ √
KT/m and Ω ≡ qB/m are, respectively, the thermal

speed and gyrofrequency of the particles. Furthermore, simulated �Δr2
�,⊥� match (46) and (47)

with
ν⊥ ≈ ν� ≈ νi/i, (48)

where

νi/i =
Ne e4 ln Λi

12 π3/2 �2
o m2

i C3
i

(49)

is the Spitzer ion-ion collision frequency given by Callen (2006) and Milla & Kudeki (2011).

The simulations also indicate, in the case of oxygen ions,

�Δr2
�� ≈ �Δr2

⊥� ≈ C2
i τ2 (50)

for short time delays ν�τ � 1 and ν⊥τ < Ωiτ � 1, in consistency with (46) and (47). Hence
(45) simplifies to

�ejk·Δri � ≈ e−
1
2 k2C2

i τ2
. (51)

Evidently, the single-oxygen-ion ACF’s are essentially the same as in collisionless and
non-magnetized plasmas because (a) the ions move by many Bragg wavelengths λB = 2π/k
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Fig. 7. Same as Figure 5 but for the case of a test electron. All distributions at all time delays
are normalized to unit variance. Note that the distributions of the displacements parallel to B
become narrower than a Gaussian distribution (from Milla & Kudeki, 2011).

between successive Spitzer collisions, and (b) the ions are unable to return to within λB/2π
of their starting positions after a gyro-period as a consequence of Coulomb collisions. As an
upshot, we will be able to handle the ion terms analytically in spectral calculations.

7.2 Statistics of electron displacements

Next, we study the effects of Coulomb collisions on electron trajectories using procedures
similar to those applied to ions. In Figure 7, the displacement distributions resulting
from an electron moving in an O+ plasma are presented. The top and bottom panels in
Figure 7 correspond, respectively, to displacement distributions in perpendicular and parallel
directions. On the left, the distributions are displayed as functions of τ, while on the the
right, sample cuts of the distributions are compared to a Gaussian pdf. As in the ion case, we
note that the normalized distributions for perpendicular direction to be invariant with τ and
closely match a Gaussian. However, the distributions of parallel displacements change with τ,
and the shapes are distinctly non-Gaussian for intermediate values of τ. More specifically, at
very small time delays (lower than the inverse of a collision frequency), the distributions are
Gaussian, but then, in a few “collision” times, the distribution curves become more “spiky”
(positive kurtosis) than a Gaussian. Although, at even longer delays τ the distributions once
again relax to a Gaussian shape, it is clear that the electron displacement in the direction
parallel to B is not a Gaussian random variable at all time delays τ.
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Fig. 8. Electron ACF’s for λB = 3 m at different magnetic aspect angles: (a) α = 0◦, (b)
α = 0.01◦, (c) α = 0.05◦, (d) α = 0.1◦, (e) α = 0.5◦, and (f) α = 1◦. Note the different time
scales used in each plot (from Milla & Kudeki, 2011).

Fitting the simulated �Δr2
�,⊥� to match (46) and (47) we find

ν� ≈ νe/i (52)

and
ν⊥ ≈ νe/i + νe/e, (53)

where

νe/e =
Ne e4 ln Λe

12 π3/2 �2
o m2

e C3
e

(54)

and

νe/i =
√

2νe/e =

√
2 Ne e4 ln Λe

12 π3/2 �2
o m2

e C3
e

(55)

are the Spitzer electron-electron and electron-ion collision frequencies. However, the
Brownian ACF model (45) fails to fit the electron ACF’s �ejk·Δre � computed with simulated
trajectories as shown in Figure 8 for a range of magnetic aspect angles and λB = 3 m. The blue
curves correspond to the ACF’s calculated with the Fokker-Planck model (simulations), while
the green curves are the electron ACF’s calculated using expression (45) together with our
approximations for ν� and ν⊥. Additionally, the electron ACF’s for a collisionless magnetized
plasma are also plotted (red curves). We can see that the Fokker-Planck and the Brownian
ACF’s matched almost perfectly at α = 0◦, and also that the agreement is still good at
very small magnetic aspect angles (see panels a, b, and c). However, substantial differences
between the Brownian and estimated ACF’s become evident as the magnetic aspect angle
increases (see panels d, e, and f).
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Fig. 9. Collisional incoherent scatter spectra as a function of magnetic aspect angle and
Doppler frequency for λB = 3 m (e.g., Jicamarca radar Bragg wavelength). An O+ plasma is
considered (from Milla & Kudeki, 2011).

In summary, the single-electron ACF’s needed for ISR spectral calculations cannot be obtained
from Brownian motion model (45) at small aspect angles. This necessitates the construction
of a numerical “library” compiled from Monte Carlo simulations based on the Langevin
equation. The fundamental reason for this is the deviation of the electron displacements
parallel to B from Gaussian statistics, despite the fact that displacement variances are
well modeled by the Brownian model. Certainly, a non-Gaussian process cannot be fully
characterized by a model that specifies its first and second moments only; this is particularly
true for the estimation of the characteristic function of the process �ejk·Δre � that depends on all
the moments of the process distribution.

8. ISR spectrum for the magnetized ionosphere including Coulomb collision
effects

The general framework of incoherent scatter theory formulates the spectrum in terms of the
Gordoyev integrals or the corresponding single-particle ACFs for each plasma species. As
discussed above, in the case of Coulomb collisions, the single-ion ACF can be approximated
using the analytical expression (45). However, in the case of the electrons, the approximation
of the electron motion as a Brownian process is not accurate, and thus, Monte Carlo
calculations were needed to model single-electron ACFs and Gordeyev integrals for different
sets of plasma parameters.
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α = 0.01◦, (c) α = 0.05◦, (d) α = 0.1◦, (e) α = 0.5◦, and (f) α = 1◦. Note the different time
scales used in each plot (from Milla & Kudeki, 2011).
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�,⊥� to match (46) and (47) we find
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are the Spitzer electron-electron and electron-ion collision frequencies. However, the
Brownian ACF model (45) fails to fit the electron ACF’s �ejk·Δre � computed with simulated
trajectories as shown in Figure 8 for a range of magnetic aspect angles and λB = 3 m. The blue
curves correspond to the ACF’s calculated with the Fokker-Planck model (simulations), while
the green curves are the electron ACF’s calculated using expression (45) together with our
approximations for ν� and ν⊥. Additionally, the electron ACF’s for a collisionless magnetized
plasma are also plotted (red curves). We can see that the Fokker-Planck and the Brownian
ACF’s matched almost perfectly at α = 0◦, and also that the agreement is still good at
very small magnetic aspect angles (see panels a, b, and c). However, substantial differences
between the Brownian and estimated ACF’s become evident as the magnetic aspect angle
increases (see panels d, e, and f).

392
Doppler Radar Observations – 

Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications Incoherent Scatter Radar — Spectral Signal Model and Ionospheric Applications 17

Fig. 9. Collisional incoherent scatter spectra as a function of magnetic aspect angle and
Doppler frequency for λB = 3 m (e.g., Jicamarca radar Bragg wavelength). An O+ plasma is
considered (from Milla & Kudeki, 2011).

In summary, the single-electron ACF’s needed for ISR spectral calculations cannot be obtained
from Brownian motion model (45) at small aspect angles. This necessitates the construction
of a numerical “library” compiled from Monte Carlo simulations based on the Langevin
equation. The fundamental reason for this is the deviation of the electron displacements
parallel to B from Gaussian statistics, despite the fact that displacement variances are
well modeled by the Brownian model. Certainly, a non-Gaussian process cannot be fully
characterized by a model that specifies its first and second moments only; this is particularly
true for the estimation of the characteristic function of the process �ejk·Δre � that depends on all
the moments of the process distribution.

8. ISR spectrum for the magnetized ionosphere including Coulomb collision
effects

The general framework of incoherent scatter theory formulates the spectrum in terms of the
Gordoyev integrals or the corresponding single-particle ACFs for each plasma species. As
discussed above, in the case of Coulomb collisions, the single-ion ACF can be approximated
using the analytical expression (45). However, in the case of the electrons, the approximation
of the electron motion as a Brownian process is not accurate, and thus, Monte Carlo
calculations were needed to model single-electron ACFs and Gordeyev integrals for different
sets of plasma parameters.
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Fig. 10. Electron Gordeyev integral as functions of Doppler frequency and magnetic aspect
angle for radar Bragg wavelength λB = 3 m. An O+ plasma with electron density
Ne = 1012 m−3, temperatures Te = Ti = 1000 K, and magnetic field Bo = 25 ¯T is considered
(from Milla & Kudeki, 2011).
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Fig. 11. Electron scattering efficiency factor η(k) resulting from the frequency integration of
the collisional incoherent scatter spectra as a function of electron-to-ion temperature ratio
Te/Ti and magnetic aspect angle α. An O+ plasma with Ne = 1012 m−3, Ti = 1000 K, and
Bo = 25 ¯T is considered (from Milla & Kudeki, 2011).
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Figure 9 shows a surface plot constructed from full IS spectrum calculations for λB = 3 m
(e.g., for the 50 MHz Jicamarca ISR system located near Lima, Peru) using the ACF library
constructed with the Monte Carlo procedure for electrons. The underlying electron Gordeyev
integral Je(ω) is presented in Figure 10 where only Re{Je(ω)} ∝ �|nte(kB, ω)|2� is displayed.
The plots are displayed as a functions of aspect angle α and Doppler frequency ω/2π. In both
figures it can be observed how these spectral functions sharpen significantly at small aspect
angles. In particular in the case of the IS spectrum, we can see that, just in the range between
0.1◦ and 0◦, the amplitude of the spectrum becomes ten times larger while its bandwidth is
reduced by the same factor.

Some interesting features of the IS spectrum caused by collisions can be pointed out. As
discussed by Milla & Kudeki (2011), in the absence of collisions, the magnetic field restricts
the motion of electrons in the plane perpendicular to B, forcing them to gyrate perpetually
around the same magnetic field lines — this would generate infinite correlation time of the IS
signal. With collisions, the electrons manage to diffuse across the field lines, and consequently
the correlation time of the IS signal becomes finite. As a result, in the limit of α → 0◦, the
width of the spectrum becomes proportional to the collision frequency. However, at other
magnetic aspect angles, the effects are slightly different. In a few hundredths of a degree from
perpendicular to B (α > 0.01◦), the shape of the IS spectrum is dominated by electron diffusion
along the magnetic field lines. As collisions impede the motion of particles, electrons diffuse
slower in a collisional plasma than in a collisionless one (where electrons move freely), which
implies that the electrons stay closer to their original locations for longer periods of time. As a
result, the correlation time of the signal scattered by the electrons also becomes longer, causing
the broadening of the IS signal ACF and the associated narrowing of the signal spectrum in
this aspect angle regime, as first explained by Sulzer & González (1999).

Spectrum dependence on electron density Ne and temperatures Te and Ti has been studied
by Milla & Kudeki (2011). Since at very small aspect angles the electron Gordeyev integral
dominates the shape of the overall incoherent scatter spectrum, Milla & Kudeki (2011) found
that in the limit of α → 0◦ the bandwidth of Re{Je(ω)}, and therefore the IS spectrum, varies
according to

k2C2
e

ν⊥
ν2
⊥ + Ω2

e
. (56)

Furthermore, using ν⊥ ≈ νe/i + νe/e from the last section and taking Ωe � ν⊥, we can verify
that the bandwidth dependence (56) is proportional to

Ne√
Te

. (57)

However, as α increases, in a few hundredths of a degree, the dependance of the IS spectral
width on Ne and Te is exchanged, i.e., the bandwidth increases as either the density decreases
or the temperature increases. The reason for this is the exchange of roles between particle
diffusion in the directions across and along the magnetic field lines. It should be mentioned
that collision effects become less significant at even larger aspect angles where the spectrum
is shaped by ion dynamics. In that regime, the spectral shapes become independent of Ne as
long as khe � 1.

The volumetric radar cross section (RCS) pertinent in ISR applications is given by (e.g., Farley,
1966; Milla & Kudeki, 2006)

σv ≡ 4πr2
e Neη(k) (58)
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Figure 9 shows a surface plot constructed from full IS spectrum calculations for λB = 3 m
(e.g., for the 50 MHz Jicamarca ISR system located near Lima, Peru) using the ACF library
constructed with the Monte Carlo procedure for electrons. The underlying electron Gordeyev
integral Je(ω) is presented in Figure 10 where only Re{Je(ω)} ∝ �|nte(kB, ω)|2� is displayed.
The plots are displayed as a functions of aspect angle α and Doppler frequency ω/2π. In both
figures it can be observed how these spectral functions sharpen significantly at small aspect
angles. In particular in the case of the IS spectrum, we can see that, just in the range between
0.1◦ and 0◦, the amplitude of the spectrum becomes ten times larger while its bandwidth is
reduced by the same factor.

Some interesting features of the IS spectrum caused by collisions can be pointed out. As
discussed by Milla & Kudeki (2011), in the absence of collisions, the magnetic field restricts
the motion of electrons in the plane perpendicular to B, forcing them to gyrate perpetually
around the same magnetic field lines — this would generate infinite correlation time of the IS
signal. With collisions, the electrons manage to diffuse across the field lines, and consequently
the correlation time of the IS signal becomes finite. As a result, in the limit of α → 0◦, the
width of the spectrum becomes proportional to the collision frequency. However, at other
magnetic aspect angles, the effects are slightly different. In a few hundredths of a degree from
perpendicular to B (α > 0.01◦), the shape of the IS spectrum is dominated by electron diffusion
along the magnetic field lines. As collisions impede the motion of particles, electrons diffuse
slower in a collisional plasma than in a collisionless one (where electrons move freely), which
implies that the electrons stay closer to their original locations for longer periods of time. As a
result, the correlation time of the signal scattered by the electrons also becomes longer, causing
the broadening of the IS signal ACF and the associated narrowing of the signal spectrum in
this aspect angle regime, as first explained by Sulzer & González (1999).

Spectrum dependence on electron density Ne and temperatures Te and Ti has been studied
by Milla & Kudeki (2011). Since at very small aspect angles the electron Gordeyev integral
dominates the shape of the overall incoherent scatter spectrum, Milla & Kudeki (2011) found
that in the limit of α → 0◦ the bandwidth of Re{Je(ω)}, and therefore the IS spectrum, varies
according to
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ν⊥
ν2
⊥ + Ω2
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Furthermore, using ν⊥ ≈ νe/i + νe/e from the last section and taking Ωe � ν⊥, we can verify
that the bandwidth dependence (56) is proportional to

Ne√
Te

. (57)

However, as α increases, in a few hundredths of a degree, the dependance of the IS spectral
width on Ne and Te is exchanged, i.e., the bandwidth increases as either the density decreases
or the temperature increases. The reason for this is the exchange of roles between particle
diffusion in the directions across and along the magnetic field lines. It should be mentioned
that collision effects become less significant at even larger aspect angles where the spectrum
is shaped by ion dynamics. In that regime, the spectral shapes become independent of Ne as
long as khe � 1.

The volumetric radar cross section (RCS) pertinent in ISR applications is given by (e.g., Farley,
1966; Milla & Kudeki, 2006)

σv ≡ 4πr2
e Neη(k) (58)
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where

η(k) ≡
ˆ

dω

2π

�|ne(k, ω)|2�
Ne

, (59)

is an electron scattering efficiency factor (see Milla & Kudeki, 2006) and depends on the
temperature ratio Te/Ti and magnetic aspect angle α. A plot of this factor obtained from
our collisional IS model is shown in Figure 11. As we can observe, if the plasma is in thermal
equilibrium (i.e., if Te = Ti), this factor is 1/2 at all angles α and compatible with (28). We
can also see that η(k) at α = 0◦ increases in proportion to Te/Ti. However, at large magnetic
aspect angles, the efficiency factor shows a decrease with increasing Te/Ti. In particular, note
that our calculations for α = 90◦ match the well-known formula (1+ Te/Ti)

−1, as expected for
moderate values of Te/Ti and negligible Debye length (e.g., Farley, 1966). Note that for α ≈ 1◦
the factor is approximately independent of Te/Ti, but otherwise it increases and decreases
with the temperature ratio at small and large aspect angles, respectively.

9. Magnetoionic propagation effects on IS spectrum

A radiowave propagating through the ionosphere experiences changes in its polarization
caused by the presence of the Earth’s magnetic field. In this section, a model for incoherent
scatter spectrum and cross-spectrum measurements that takes into account magnetoionic
propagation effects is developed.

A mathematical description of radiowave propagation in an inhomogeneous magnetoplasma
based on the Appleton-Hartree solution is presented. The resultant wave propagation
model is used to formulate a soft-target radar equation in order to account for magnetoionic
propagation effects on incoherent scatter spectrum and cross-spectrum models.

9.1 Propagation of electromagnetic waves in a homogeneous magnetoplasma

In the presence of an ambient magnetic field Bo, there are two possible and orthogonal modes
of electromagnetic wave propagation in a plasma, and, therefore, any propagating field can be
represented as the weighted superposition of these characteristic modes. Labeling the modes
as ordinary (O) and extraordinary (X), the transverse component of an outgoing (transmitted)
electric wave field, at a distance r from the origin, can be written in phasor form as

Et = AO

(
θ̂− jφ̂

FO
YL

)
e−jkonOr + AX

(
θ̂− jφ̂

FX
YL

)
e−jkonXr, (60)

where AO and AX are the amplitudes of the O- and X-mode waves with refractive indices

n2
O/X = 1 − X

1 − FO/X
(61)

specified by Appleton-Hartree equations (e.g., Budden, 1961), in which

FO/X =
Y2

T ∓
√

Y4
T + 4Y2

L (1 − X)2

2 (1 − X)
, (62)

X ≡ ω2
p

ω2 , YL ≡ Ωe

ω
cos θ, and YT ≡ Ωe

ω
sin θ. (63)
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Fig. 12. Coordinate system used for analyzing wave propagation in a magnetized plasma.
The magnetic field Bo is on the yz-plane and angle θ is measured from Bo to the propagation
vector k which is parallel to the ẑ-direction. The wave field E has three mutually orthogonal
components Ek, Eθ , and Eφ in directions k̂ = ẑ, θ̂ = −ŷ, and φ̂ = x̂, respectively. θ̂ is the
direction of increasing θ and φ̂ ≡ k̂ × θ̂.

Above ko = ω/c is the free-space wavenumber, ωp ≡
√

Nee2/�ome and Ωe = eBo/me are
the plasma- and electron gyro-frequencies, respectively, and θ is the angle measured from the
magnetic field vector to the propagation direction k̂. Also, θ̂ and φ̂ are orthogonal unit vectors
normal to k̂ as shown in Figure 12.

Note that FOFX = −Y2
L as demanded by the orthogonality of O- and X-mode terms in (60).

Thus, a ≡ FO
YL

= − YL
FX

denotes the axial ratio of elliptically polarized modes in (60), which in
turn can be expressed in matrix notation as

[
Eθ

Eφ

]
=

[
e−jkonOr e−jkonXr

−jae−jkonOr ja−1e−jkonXr

] [
AO
AX

]
, (64)

where Eθ and Eφ are the transverse field components in θ̂ and φ̂ directions. Note that a can
take values within the range 0 ≤ |a| ≤ 1 and that the limits 0 and 1 correspond to the cases of
linearly and circularly polarized propagation modes. Defining n̄ ≡ nO+nX

2 and Δn ≡ nO−nX
2 ,

and considering Eθ,o and Eφ,o as the field components at the origin, the propagating electric
field (64) can be recast as

[
Eθ

Eφ

]
=

e−jko n̄r

1 + a2

[
e−jkoΔnr + a2ejkoΔnr 2a sin(koΔnr)
−2a sin(koΔnr) a2e−jkoΔnr + ejkoΔnr

]

︸ ︷︷ ︸
T̄

[
Eθ,o
Eφ,o

]
, (65)

where T̄ is a propagator matrix that maps the fields at the origin into the fields at a distance
r. Note that in the case of waves traveling in −k̂ direction, the same matrix T̄ can be used to
propagate the fields from a distance r to the origin.

397Incoherent Scatter Radar — Spectral Signal Model and Ionospheric Applications



20 Will-be-set-by-IN-TECH

where
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is an electron scattering efficiency factor (see Milla & Kudeki, 2006) and depends on the
temperature ratio Te/Ti and magnetic aspect angle α. A plot of this factor obtained from
our collisional IS model is shown in Figure 11. As we can observe, if the plasma is in thermal
equilibrium (i.e., if Te = Ti), this factor is 1/2 at all angles α and compatible with (28). We
can also see that η(k) at α = 0◦ increases in proportion to Te/Ti. However, at large magnetic
aspect angles, the efficiency factor shows a decrease with increasing Te/Ti. In particular, note
that our calculations for α = 90◦ match the well-known formula (1+ Te/Ti)

−1, as expected for
moderate values of Te/Ti and negligible Debye length (e.g., Farley, 1966). Note that for α ≈ 1◦
the factor is approximately independent of Te/Ti, but otherwise it increases and decreases
with the temperature ratio at small and large aspect angles, respectively.

9. Magnetoionic propagation effects on IS spectrum

A radiowave propagating through the ionosphere experiences changes in its polarization
caused by the presence of the Earth’s magnetic field. In this section, a model for incoherent
scatter spectrum and cross-spectrum measurements that takes into account magnetoionic
propagation effects is developed.

A mathematical description of radiowave propagation in an inhomogeneous magnetoplasma
based on the Appleton-Hartree solution is presented. The resultant wave propagation
model is used to formulate a soft-target radar equation in order to account for magnetoionic
propagation effects on incoherent scatter spectrum and cross-spectrum models.

9.1 Propagation of electromagnetic waves in a homogeneous magnetoplasma

In the presence of an ambient magnetic field Bo, there are two possible and orthogonal modes
of electromagnetic wave propagation in a plasma, and, therefore, any propagating field can be
represented as the weighted superposition of these characteristic modes. Labeling the modes
as ordinary (O) and extraordinary (X), the transverse component of an outgoing (transmitted)
electric wave field, at a distance r from the origin, can be written in phasor form as

Et = AO

(
θ̂− jφ̂

FO
YL

)
e−jkonOr + AX

(
θ̂− jφ̂

FX
YL

)
e−jkonXr, (60)
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specified by Appleton-Hartree equations (e.g., Budden, 1961), in which
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Above ko = ω/c is the free-space wavenumber, ωp ≡
√

Nee2/�ome and Ωe = eBo/me are
the plasma- and electron gyro-frequencies, respectively, and θ is the angle measured from the
magnetic field vector to the propagation direction k̂. Also, θ̂ and φ̂ are orthogonal unit vectors
normal to k̂ as shown in Figure 12.

Note that FOFX = −Y2
L as demanded by the orthogonality of O- and X-mode terms in (60).

Thus, a ≡ FO
YL

= − YL
FX

denotes the axial ratio of elliptically polarized modes in (60), which in
turn can be expressed in matrix notation as

[
Eθ

Eφ

]
=

[
e−jkonOr e−jkonXr

−jae−jkonOr ja−1e−jkonXr

] [
AO
AX

]
, (64)

where Eθ and Eφ are the transverse field components in θ̂ and φ̂ directions. Note that a can
take values within the range 0 ≤ |a| ≤ 1 and that the limits 0 and 1 correspond to the cases of
linearly and circularly polarized propagation modes. Defining n̄ ≡ nO+nX

2 and Δn ≡ nO−nX
2 ,

and considering Eθ,o and Eφ,o as the field components at the origin, the propagating electric
field (64) can be recast as

[
Eθ

Eφ

]
=

e−jko n̄r

1 + a2

[
e−jkoΔnr + a2ejkoΔnr 2a sin(koΔnr)
−2a sin(koΔnr) a2e−jkoΔnr + ejkoΔnr

]

︸ ︷︷ ︸
T̄

[
Eθ,o
Eφ,o

]
, (65)

where T̄ is a propagator matrix that maps the fields at the origin into the fields at a distance
r. Note that in the case of waves traveling in −k̂ direction, the same matrix T̄ can be used to
propagate the fields from a distance r to the origin.
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Fig. 13. Geometry of wave propagation in an inhomogeneous magnetized ionosphere.

Using the components of (65), we can re-express the outgoing electric field phasor Eθ θ̂+ Eφ φ̂
as

Et = e−jko n̄r
[
e−jkoΔnrp̂Op̂H

O + ejkoΔnrp̂X p̂H
X

]
Et

o, (66)

where Et
o is the wave field at the origin,

p̂O =
θ̂− ja φ̂√

1 + a2
and p̂X =

−ja θ̂+ φ̂√
1 + a2

(67)

are the orthonormal polarization vectors of the O- and X-mode waves, while p̂H
O and p̂H

X refer
to their conjugate transpose counterparts.

9.2 Model for radiowave propagation in an inhomogeneous ionosphere

A radiowave propagating through an inhomogeneous magnetoplasma will experience
refraction and polarization effects. At VHF frequencies, however, ionospheric refraction
effects can be considered negligible for most propagation directions because the wave
frequency ω exceeds the ionospheric plasma frequency ωp by a wide margin (i.e., X � 1).
But for the same set of frequencies, polarization changes are still significant despite the fact
that the electron gyrofrequency Ωe is much smaller than the wave frequency ω (i.e., Y � 1).
The reason for this is that the distances traveled by the propagating fields are long enough
(hundreds of kilometers) so that phase differences between wave components propagating
in distinct modes accumulate to significant and detectable levels. Taking these elements into
consideration and noting that, at VHF frequencies, the longitudinal components of the wave
fields are negligibly small (as X � 1 and Y � 1), waves propagating through the ionosphere
can be represented as TEM (transverse electromagnetic) waves.

Consider plane wave propagation in an inhomogeneous magnetized ionosphere in an
arbitrary direction k̂. To model the electric field of the propagating wave, we can divide the
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ionosphere in slabs of equal width (see Figure 13) perpendicular to the propagation direction
such that within each slab the physical plasma parameters (as electron density, electron
and ion temperatures, and magnetic field) can be considered constants.9 The transverse
component of the wave electric field propagates from the bottom to the top of the i-th slab
according to (66), that is

Ei = e−jko n̄iΔr
[
e−jkoΔniΔrp̂Op̂H

O + ejkoΔniΔrp̂X p̂H
X

]
︸ ︷︷ ︸

T̄i

Ei−1, (68)

which is the superposition of the O- and X-modes of magnetoionic propagation detailed in
the previous section. Above, T̄i denotes the i-th propagator matrix (expressed in cartesian
coordinates), where ko ≡ 2π/λo is the free-space wavenumber, Δr is the width of the slab,
and where n̄i ≡ nO,i+nX,i

2 and Δni ≡ nO,i−nX,i
2 are the mean and half difference between the

refractive indices of the propagation modes in the i-th layer. The polarization vectors of the
O- and X-modes are

p̂O =
θ̂− jai φ̂√

1 + a2
i

and p̂X =
−jai θ̂+ φ̂√

1 + a2
i

(69)

where ai ≡ FO,i
YL,i

= − YL,i
FX,i

is the polarization parameter, and θ̂i and φ̂i are a pair of

mutually orthogonal unit vectors perpendicular to k̂ whose directions depend on the relative
orientation of the propagation vector k and the magnetic field Bi (see Figure 12). Neglecting
reflection from the interfaces between slabs, the field components of an upgoing plane wave
propagating in the +k̂ direction (at a distance ri = iΔr from the origin) can be computed by
the successive application of the propagator matrices; that is,

Eu
i = T̄i · · · T̄2T̄1Eu

o , (70)

where Eu
o is the wave field at the origin (perpendicular to k̂), and T̄1 . . . T̄i are the propagator

matrices from the bottom layer to the i-th layer. Similarly, taking advantage of the
bidirectionality of the propagator matrices, the field components of a downgoing plane wave
propagating in the −k̂ direction (from the i-th layer to the ground) can be written as

Ed
o = T̄1T̄2 · · · T̄iE

d
i , (71)

where Ed
i is the field at the top of the i-th layer.

In radar experiments, the transverse field component of the signal backscattered from a radar
range ri = iΔr can be modeled as

Er
o ∝ κi T̄1T̄2 · · · T̄iT̄i · · · T̄2T̄1︸ ︷︷ ︸

Π̄i

Et
o, (72)

where Et
o and Er

o are the fields transmitted and received by the radar antenna in the k̂ direction.
Above, Π̄i denotes a two-way propagator matrix that accounts for the polarization effects on

9 In the ionosphere, electron density and plasma temperatures can be considered to be functions of
altitude f (z). Thus, the values of these physical parameters at any position r from a radar placed at
the origin are given by f (r cos ψ) where r is the radar range and ψ is the zenith angle.
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Using the components of (65), we can re-express the outgoing electric field phasor Eθ θ̂+ Eφ φ̂
as

Et = e−jko n̄r
[
e−jkoΔnrp̂Op̂H

O + ejkoΔnrp̂X p̂H
X

]
Et

o, (66)

where Et
o is the wave field at the origin,

p̂O =
θ̂− ja φ̂√

1 + a2
and p̂X =

−ja θ̂+ φ̂√
1 + a2

(67)

are the orthonormal polarization vectors of the O- and X-mode waves, while p̂H
O and p̂H

X refer
to their conjugate transpose counterparts.

9.2 Model for radiowave propagation in an inhomogeneous ionosphere

A radiowave propagating through an inhomogeneous magnetoplasma will experience
refraction and polarization effects. At VHF frequencies, however, ionospheric refraction
effects can be considered negligible for most propagation directions because the wave
frequency ω exceeds the ionospheric plasma frequency ωp by a wide margin (i.e., X � 1).
But for the same set of frequencies, polarization changes are still significant despite the fact
that the electron gyrofrequency Ωe is much smaller than the wave frequency ω (i.e., Y � 1).
The reason for this is that the distances traveled by the propagating fields are long enough
(hundreds of kilometers) so that phase differences between wave components propagating
in distinct modes accumulate to significant and detectable levels. Taking these elements into
consideration and noting that, at VHF frequencies, the longitudinal components of the wave
fields are negligibly small (as X � 1 and Y � 1), waves propagating through the ionosphere
can be represented as TEM (transverse electromagnetic) waves.

Consider plane wave propagation in an inhomogeneous magnetized ionosphere in an
arbitrary direction k̂. To model the electric field of the propagating wave, we can divide the
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ionosphere in slabs of equal width (see Figure 13) perpendicular to the propagation direction
such that within each slab the physical plasma parameters (as electron density, electron
and ion temperatures, and magnetic field) can be considered constants.9 The transverse
component of the wave electric field propagates from the bottom to the top of the i-th slab
according to (66), that is

Ei = e−jko n̄iΔr
[
e−jkoΔniΔrp̂Op̂H

O + ejkoΔniΔrp̂X p̂H
X

]
︸ ︷︷ ︸

T̄i

Ei−1, (68)

which is the superposition of the O- and X-modes of magnetoionic propagation detailed in
the previous section. Above, T̄i denotes the i-th propagator matrix (expressed in cartesian
coordinates), where ko ≡ 2π/λo is the free-space wavenumber, Δr is the width of the slab,
and where n̄i ≡ nO,i+nX,i

2 and Δni ≡ nO,i−nX,i
2 are the mean and half difference between the

refractive indices of the propagation modes in the i-th layer. The polarization vectors of the
O- and X-modes are

p̂O =
θ̂− jai φ̂√

1 + a2
i

and p̂X =
−jai θ̂+ φ̂√

1 + a2
i

(69)

where ai ≡ FO,i
YL,i

= − YL,i
FX,i

is the polarization parameter, and θ̂i and φ̂i are a pair of

mutually orthogonal unit vectors perpendicular to k̂ whose directions depend on the relative
orientation of the propagation vector k and the magnetic field Bi (see Figure 12). Neglecting
reflection from the interfaces between slabs, the field components of an upgoing plane wave
propagating in the +k̂ direction (at a distance ri = iΔr from the origin) can be computed by
the successive application of the propagator matrices; that is,

Eu
i = T̄i · · · T̄2T̄1Eu

o , (70)

where Eu
o is the wave field at the origin (perpendicular to k̂), and T̄1 . . . T̄i are the propagator

matrices from the bottom layer to the i-th layer. Similarly, taking advantage of the
bidirectionality of the propagator matrices, the field components of a downgoing plane wave
propagating in the −k̂ direction (from the i-th layer to the ground) can be written as

Ed
o = T̄1T̄2 · · · T̄iE

d
i , (71)

where Ed
i is the field at the top of the i-th layer.

In radar experiments, the transverse field component of the signal backscattered from a radar
range ri = iΔr can be modeled as

Er
o ∝ κi T̄1T̄2 · · · T̄iT̄i · · · T̄2T̄1︸ ︷︷ ︸

Π̄i

Et
o, (72)

where Et
o and Er

o are the fields transmitted and received by the radar antenna in the k̂ direction.
Above, Π̄i denotes a two-way propagator matrix that accounts for the polarization effects on

9 In the ionosphere, electron density and plasma temperatures can be considered to be functions of
altitude f (z). Thus, the values of these physical parameters at any position r from a radar placed at
the origin are given by f (r cos ψ) where r is the radar range and ψ is the zenith angle.
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the waves incident on and backscattered from the radar range ri (upgoing and downgoing
waves, respectively). In addition, κi is a random variable related to the radar cross section
(RCS) of the scatterers at the range ri (e.g., randomly moving ionospheric electrons).

We now consider an x̂ polarized radar antenna transmitting

p̂1 =
k̂ × k̂ × x̂
|k̂ × k̂ × x̂| (73)

polarized waves field in k̂ direction. On reception, the same antenna would be co-polarized
with incoming fields of identical polarization direction p̂1. For an orthogonal ŷ polarized
antenna

p̂2 =
k̂ × k̂ × ŷ
|k̂ × k̂ × ŷ| (74)

would be the polarization direction of co-polarized fields. Let’s assume that these two
antennas, located at the geomagnetic equator, scan the ionosphere from north to south to
construct power maps of the backscattered signals. In every pointing direction, narrow pulses
are transmitted so that range filtering effects (due to the convolution of the pulse shape with
the response of the ionosphere) can be ignored. In transmission, only the first antenna (x̂
polarized) is excited, while, in reception, both antennas are used to collect the backscattered
signals. The two antennas then provide us with co- and cross-polarized output voltages

v1(k̂) ∝ κi p̂T
1 Π̄i p̂1 and v2(k̂) ∝ κi p̂T

2 Π̄i p̂1, (75)

sampled at each range ri, where the two-way propagator matrix Π̄i (defined above) is
dependent on the electron density and magnetic field values along k̂ up to the radar range
ri. As κi is a random variable, the statistics of voltages (75) would be needed to characterize
the scattering targets. For instance, the mean square values of v1 and v2 can be modeled as

�|v1|2� ∝ σv Γ1 and �|v2|2� ∝ σv Γ2, (76)

where σv = �|κi|2� is the volumetric RCS of the medium, which is dependent on the electron
density, temperature ratio, and magnetic aspect angle at any given range. In addition, Γ1 and
Γ2 are polarization coefficients defined as

Γ1 =
∣∣∣p̂T

1 Π̄i p̂1

∣∣∣2 and Γ2 =
∣∣∣p̂T

2 Π̄i p̂1

∣∣∣2 . (77)

To simulate radar voltages using the model described above, an ionosphere with the electron
density and Te/Ti profiles displayed in Figure 14 was considered. In addition, the magnetic
field was computed using the International Geomagnetic Reference Field (IGRF) model (e.g.,
Olsen et al., 2000). Finally, the simulations were performed for a 50 MHz radar at the location
of the Jicamarca ISR in Peru and antenna polarizations x̂ and ŷ were taken to point in SE and
NE directions as at Jicamarca.

Let us first analyze magnetoionic propagation effects on the simulated radar voltages,
disregarding scattering effects. For this purpose, polarization coefficients Γ1 and Γ2 are
displayed in Figure 15 as functions of distance and altitude from the radar (in the plots,
the positive horizontal axis is directed north). Note that, at low altitudes, where there is
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Fig. 14. Electron density and Te/Ti profiles as functions of height.

Fig. 15. Polarization coefficients for the mean square voltages detected by a pair of
orthogonal linearly polarized antennas placed at Jicamarca. The antennas have very narrow
beams and scan the ionosphere from north to south probing different magnetic aspect angle
directions. Note that, for most pointing directions, the polarization of the detected fields
rotates (Faraday rotation effect), except in the direction where the beam is pointed
perpendicular to B, in which case, the type of polarization changes from linear to circular
(Cotton-Mouton effect).
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the waves incident on and backscattered from the radar range ri (upgoing and downgoing
waves, respectively). In addition, κi is a random variable related to the radar cross section
(RCS) of the scatterers at the range ri (e.g., randomly moving ionospheric electrons).

We now consider an x̂ polarized radar antenna transmitting

p̂1 =
k̂ × k̂ × x̂
|k̂ × k̂ × x̂| (73)

polarized waves field in k̂ direction. On reception, the same antenna would be co-polarized
with incoming fields of identical polarization direction p̂1. For an orthogonal ŷ polarized
antenna

p̂2 =
k̂ × k̂ × ŷ
|k̂ × k̂ × ŷ| (74)

would be the polarization direction of co-polarized fields. Let’s assume that these two
antennas, located at the geomagnetic equator, scan the ionosphere from north to south to
construct power maps of the backscattered signals. In every pointing direction, narrow pulses
are transmitted so that range filtering effects (due to the convolution of the pulse shape with
the response of the ionosphere) can be ignored. In transmission, only the first antenna (x̂
polarized) is excited, while, in reception, both antennas are used to collect the backscattered
signals. The two antennas then provide us with co- and cross-polarized output voltages

v1(k̂) ∝ κi p̂T
1 Π̄i p̂1 and v2(k̂) ∝ κi p̂T

2 Π̄i p̂1, (75)

sampled at each range ri, where the two-way propagator matrix Π̄i (defined above) is
dependent on the electron density and magnetic field values along k̂ up to the radar range
ri. As κi is a random variable, the statistics of voltages (75) would be needed to characterize
the scattering targets. For instance, the mean square values of v1 and v2 can be modeled as

�|v1|2� ∝ σv Γ1 and �|v2|2� ∝ σv Γ2, (76)

where σv = �|κi|2� is the volumetric RCS of the medium, which is dependent on the electron
density, temperature ratio, and magnetic aspect angle at any given range. In addition, Γ1 and
Γ2 are polarization coefficients defined as

Γ1 =
∣∣∣p̂T

1 Π̄i p̂1

∣∣∣2 and Γ2 =
∣∣∣p̂T

2 Π̄i p̂1

∣∣∣2 . (77)

To simulate radar voltages using the model described above, an ionosphere with the electron
density and Te/Ti profiles displayed in Figure 14 was considered. In addition, the magnetic
field was computed using the International Geomagnetic Reference Field (IGRF) model (e.g.,
Olsen et al., 2000). Finally, the simulations were performed for a 50 MHz radar at the location
of the Jicamarca ISR in Peru and antenna polarizations x̂ and ŷ were taken to point in SE and
NE directions as at Jicamarca.

Let us first analyze magnetoionic propagation effects on the simulated radar voltages,
disregarding scattering effects. For this purpose, polarization coefficients Γ1 and Γ2 are
displayed in Figure 15 as functions of distance and altitude from the radar (in the plots,
the positive horizontal axis is directed north). Note that, at low altitudes, where there is
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Fig. 14. Electron density and Te/Ti profiles as functions of height.

Fig. 15. Polarization coefficients for the mean square voltages detected by a pair of
orthogonal linearly polarized antennas placed at Jicamarca. The antennas have very narrow
beams and scan the ionosphere from north to south probing different magnetic aspect angle
directions. Note that, for most pointing directions, the polarization of the detected fields
rotates (Faraday rotation effect), except in the direction where the beam is pointed
perpendicular to B, in which case, the type of polarization changes from linear to circular
(Cotton-Mouton effect).
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Fig. 16. Co-polarized (left panel), cross-polarized (middle panel), and total (right panel)
backscattered power detected by a pair of orthogonal linearly polarized antennas (see
caption of Figure 15). Power levels are displayed in units of electron density. In each plot, the
dashed white lines indicate the directions half a degree away from perpendicular to B, while
the continuous lines correspond to the directions one degree off.

no ionosphere, signal returns will be detected only by the co-polarized antenna (i.e., by the
same antenna used on transmission). However, as the signal propagates farther through the
ionosphere, magnetoionic effects start taking place. We can appreciate that, for most of the
propagation directions, the polarization vector of the detected field rotates such that signal
from one polarization goes to the other as the radar range increases (Faraday rotation effect).
Note, however, that there is a direction in which the wave polarization does not rotate much.
In this direction, the antenna beams are pointed perpendicular to the Earth’s magnetic field,
and it can be observed that the polarization of the detected fields varies progressively from
linear to circular as a function of height (Cotton–Mouton effect). Finally, note that at higher
altitudes, where the ionosphere vanishes, no more magnetoionic effects take place, and the
polarization of the detected signal approaches a final state.

Next, scattering and propagation effects are considered in the simulation of the backscattered
power collected by the pair of orthogonal antennas described above. The incoherent scatter
volumetric RCS formulated in the previous section is used in the calculations. In Figure 16,
the simulated co-polarized (left panel) and cross-polarized (middle panel) power data are
displayed as functions of distance and altitude from the radar. In addition, the right panel
depicts the total power detected by both antennas. Note that power levels are displayed as
volumetric radar cross sections divided by 4πr2

e (i.e., power levels are in units of electron
density). In each plot, the dashed white lines indicate the directions half a degree away from
perpendicular to B, while the continuous lines correspond to the directions one degree off.

In the plots, we can observe that there is negligible backscattered power at low altitudes.
At higher altitudes between approximately 200 and 700 km (where polarization effects are
significant), co- and cross-polarized power maps exhibit features that are similar to the
ones observed in Figure 15. Note, however, that there is an enhancement of the detected
power in the direction where the antenna beams are pointed perpendicular to B; this can be
observed more clearly in the plot of the total power (right panel of Figure 16). This feature
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is characteristic of the incoherent scatter process for probing directions perpendicular to B
and for heights where electron temperature exceeds the ion temperature (i.e., Te > Ti) as
described before. At even higher altitudes, scattered signals become weaker and weaker as
the ionospheric electron density vanishes.

To model incoherent scatter radar measurements using the propagation model presented
in this section, an extra level of complexity has to be considered because, within the
range of aspect angles illuminated by the antenna beams, propagation and scattering effects
vary quite rapidly. For this reason, the measured backscattered radar signals need to be
carefully modeled taking into account the shapes of the antenna beams. A model for the
beam-weighted incoherent scatter spectrum that considers magnetoionic propagation and
collisional effects is formulated next.

9.3 Soft-target radar equation and magnetoionic propagation

In this section, the soft-target radar equation is reformulated using the wave propagation
model described above. Consider a radar system composed of a set of antenna arrays (located
in the same area) with matched filter receivers connected to the antennas used in reception.
The mean square voltage at the output of the i-th receiver can be expressed as

�|vi(t)|2� = EtKi

ˆ
dr dΩ

dω

2π

|T (r̂)|2 |Ri(r̂)|2
k2 Γi(r)

|χ(t − 2r
c , ω)|2

4πr2 σv(k, ω), (78)

where t is the radar delay, Et is the total energy of the transmitted radar pulse, and Ki is
the i-th calibration constant (a proportionality factor that accounts for the gains and losses
along the i-th signal path). Integrals are taken over range r, solid angle Ω, and Doppler
frequency ω/2π. In addition, k = −2ko r̂ denotes the relevant Bragg vector for a radar with a
carrier wavenumber ko and associated wavelength λ. Above, T (r̂) and Ri(r̂) are the antenna
factors of the arrays used in transmission and reception. Note that |T (r̂)|2 and |Ri(r̂)|2
are antenna gain patterns and the product |T (r̂)|2 |Ri(r̂)|2 is the corresponding two-way
radiation pattern. The polarization coefficient Γi(r) is defined as

Γi(r) =
∣∣∣p̂T

i Π̄(r) p̂t

∣∣∣2 , (79)

where p̂t and p̂i are the polarization unit vectors of the transmitting and receiving antennas,
and Π̄(r) is the two-way propagator matrix for the wave field components propagating along
r̂ (incident on and backscattered from the range r). Note that p̂t and p̂i are normal to r̂
because propagating fields are represented as TEM waves. In addition, χ(t, ω) is the radar
ambiguity function and σv(k, ω) is the volumetric RCS spectrum, functions that have been
defined before. Similarly, the cross-correlation of the voltages at the outputs of the i-th and
j-th receivers can be expressed as

�vi(t)v∗j (t)� = EtKi,j

ˆ
dr dΩ

dω

2π

|T (r̂)|2 Ri(r̂)R∗
j (r̂)

k2 Γi,j(r)
|χ(t − 2r

c , ω)|2
4πr2 σv(k, ω), (80)

where Ki,j is a cross-calibration constant (dependent on gains and losses along the i-th and
j-th signal paths), and Γi,j(r) is a cross-polarization coefficient defined as

Γi,j(r) =
(

p̂T
i Π̄(r) p̂t

) (
p̂T

j Π̄(r) p̂t

)∗
. (81)
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Fig. 16. Co-polarized (left panel), cross-polarized (middle panel), and total (right panel)
backscattered power detected by a pair of orthogonal linearly polarized antennas (see
caption of Figure 15). Power levels are displayed in units of electron density. In each plot, the
dashed white lines indicate the directions half a degree away from perpendicular to B, while
the continuous lines correspond to the directions one degree off.

no ionosphere, signal returns will be detected only by the co-polarized antenna (i.e., by the
same antenna used on transmission). However, as the signal propagates farther through the
ionosphere, magnetoionic effects start taking place. We can appreciate that, for most of the
propagation directions, the polarization vector of the detected field rotates such that signal
from one polarization goes to the other as the radar range increases (Faraday rotation effect).
Note, however, that there is a direction in which the wave polarization does not rotate much.
In this direction, the antenna beams are pointed perpendicular to the Earth’s magnetic field,
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volumetric RCS formulated in the previous section is used in the calculations. In Figure 16,
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density). In each plot, the dashed white lines indicate the directions half a degree away from
perpendicular to B, while the continuous lines correspond to the directions one degree off.

In the plots, we can observe that there is negligible backscattered power at low altitudes.
At higher altitudes between approximately 200 and 700 km (where polarization effects are
significant), co- and cross-polarized power maps exhibit features that are similar to the
ones observed in Figure 15. Note, however, that there is an enhancement of the detected
power in the direction where the antenna beams are pointed perpendicular to B; this can be
observed more clearly in the plot of the total power (right panel of Figure 16). This feature

402
Doppler Radar Observations – 

Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications Incoherent Scatter Radar — Spectral Signal Model and Ionospheric Applications 27

is characteristic of the incoherent scatter process for probing directions perpendicular to B
and for heights where electron temperature exceeds the ion temperature (i.e., Te > Ti) as
described before. At even higher altitudes, scattered signals become weaker and weaker as
the ionospheric electron density vanishes.

To model incoherent scatter radar measurements using the propagation model presented
in this section, an extra level of complexity has to be considered because, within the
range of aspect angles illuminated by the antenna beams, propagation and scattering effects
vary quite rapidly. For this reason, the measured backscattered radar signals need to be
carefully modeled taking into account the shapes of the antenna beams. A model for the
beam-weighted incoherent scatter spectrum that considers magnetoionic propagation and
collisional effects is formulated next.

9.3 Soft-target radar equation and magnetoionic propagation

In this section, the soft-target radar equation is reformulated using the wave propagation
model described above. Consider a radar system composed of a set of antenna arrays (located
in the same area) with matched filter receivers connected to the antennas used in reception.
The mean square voltage at the output of the i-th receiver can be expressed as

�|vi(t)|2� = EtKi

ˆ
dr dΩ

dω

2π

|T (r̂)|2 |Ri(r̂)|2
k2 Γi(r)

|χ(t − 2r
c , ω)|2

4πr2 σv(k, ω), (78)

where t is the radar delay, Et is the total energy of the transmitted radar pulse, and Ki is
the i-th calibration constant (a proportionality factor that accounts for the gains and losses
along the i-th signal path). Integrals are taken over range r, solid angle Ω, and Doppler
frequency ω/2π. In addition, k = −2ko r̂ denotes the relevant Bragg vector for a radar with a
carrier wavenumber ko and associated wavelength λ. Above, T (r̂) and Ri(r̂) are the antenna
factors of the arrays used in transmission and reception. Note that |T (r̂)|2 and |Ri(r̂)|2
are antenna gain patterns and the product |T (r̂)|2 |Ri(r̂)|2 is the corresponding two-way
radiation pattern. The polarization coefficient Γi(r) is defined as

Γi(r) =
∣∣∣p̂T

i Π̄(r) p̂t

∣∣∣2 , (79)

where p̂t and p̂i are the polarization unit vectors of the transmitting and receiving antennas,
and Π̄(r) is the two-way propagator matrix for the wave field components propagating along
r̂ (incident on and backscattered from the range r). Note that p̂t and p̂i are normal to r̂
because propagating fields are represented as TEM waves. In addition, χ(t, ω) is the radar
ambiguity function and σv(k, ω) is the volumetric RCS spectrum, functions that have been
defined before. Similarly, the cross-correlation of the voltages at the outputs of the i-th and
j-th receivers can be expressed as

�vi(t)v∗j (t)� = EtKi,j

ˆ
dr dΩ

dω

2π

|T (r̂)|2 Ri(r̂)R∗
j (r̂)

k2 Γi,j(r)
|χ(t − 2r

c , ω)|2
4πr2 σv(k, ω), (80)

where Ki,j is a cross-calibration constant (dependent on gains and losses along the i-th and
j-th signal paths), and Γi,j(r) is a cross-polarization coefficient defined as

Γi,j(r) =
(

p̂T
i Π̄(r) p̂t

) (
p̂T

j Π̄(r) p̂t

)∗
. (81)
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Note that dispersion of the pulse shape due to wave propagation effects has been neglected
in our model.

Denoting by Si(ω) the self-spectrum of the signal at the output of the i-th receiver and
applying Parseval’s theorem, we have that

�|vi(t)|2� =
ˆ

dω

2π
Si(ω). (82)

Likewise, the cross-spectrum Si,j(ω) and the cross-correlation of the signals at the outputs of
the i-th and j-th receivers are related by

�vi(t)v∗j (t)� =
ˆ

dω

2π
Si,j(ω). (83)

Assuming that the ambiguity function is almost flat within the bandwidth of the RCS
spectrum σv(k, ω) (which is a valid approximation in the case of short-pulse radar
applications), we can use equations (78) and (80) to obtain the following beam-weighted
spectrum and cross-spectrum models:

Si(ω) = EtKi

ˆ
dr

|χ(t − 2r
c )|2

4πr2

ˆ
dΩ

|T (r̂)|2 |Ri(r̂)|2
k2 Γi(r) σv(k, ω) (84)

and

Si,j(ω) = EtKi,j

ˆ
dr

|χ(t − 2r
c )|2

4πr2

ˆ
dΩ

|T (r̂)|2 Ri(r̂)R∗
j (r̂)

k2 Γi,j(r) σv(k, ω), (85)

where
χ(t) =

1
T

f ∗(−t) ∗ f (t) (86)

is the normalized auto-correlation of the pulse waveform f (t). In the radar equations (84) and
(85), the polarization coefficients Γi(r) and Γi,j(r) effectively modify the radiation patterns;
thus, the spectrum shapes are dependent not only on the scattering process but also on the
modes of propagation. This dependence further complicates the spectrum analysis of radar
data and the inversion of physical parameters.

10. Summary

In this chapter we have described the operation of ionospheric incoherent scatter radars (ISR)
and the signal spectrum models underlying the operation of such radars. ISR’s are the premier
remote sensing instruments used to study the ionosphere and Earth’s upper atmosphere.
First generation operational ISR’s were built in the early 1960’s — e.g., Jicamarca in Peru and
Arecibo in Puerto Rico — and ISR’s continue to play a crucial role in our studies of Earth’s near
space environment. These instruments are primarily used to monitor the electron densities
and drifts, as well as temperatures and chemical composition of ionospheric plasmas. The
latest generation of ISR’s include the AMISR — advanced modular ISR — series which are
planned to be deployed around the globe and then re-located depending on emerging science
needs. With increasing ISR units around the globe, there will be a larger demand on radar
engineers and technicians familiar with ISR modes and the underlying scattering theory. For
that reason, in our presentation in this chapter, as well as in our recent papers (Kudeki & Milla,
2011; Milla & Kudeki, 2011), we have taken an “engineering approach” to describe the theory
of the incoherent scatter spectrum. Complementary physics based descriptions of the same
processes can be found in many of the original ISR papers included in references.
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1. Introduction  

Many types of radar systems have been applied to the study of a wide range of volcanic 
features. Fields of application commonly include volcano deformation by interferometric 
synthetic aperture radar (InSAR), mainly satellite-based (e.g. Froger et al., 2007) but also 
ground-based like LISA (Casagli et al., 2009), digital elevation model generation using 
satellite or airborne InSAR measurements, surface products mapping by amplitude images 
of satellite radars, characterization of unexposed deposits by ground-penetrating radars 
(Russell & Stasiuk, 1997), monitoring of active lava domes and flows by either ad-hoc 
ground-based radars (e.g. Malassingne et al., 2001; Macfarlane et al., 2006; Wadge et al., 
2005, 2008) or commercial ones (Hort et al., 2006; Vöge & Hort, 2008, 2009; Vöge et al., 2008), 
and quantitative characterization of explosive activity by means of fixed weather radars 
(large ash plumes) and transportable radars (Strombolian activity, weak ash plumes). A 
thorough review of all radar applications in volcanology is beyond the scope of this chapter 
which, instead, focuses on recent investigations of explosive eruptive regimes enhanced by 
the developments of dedicated transportable ground-based radars, by the recent advances 
made in signal interpretation using eruption models, and by the important concerns raised 
by ash plume hazards.  

Below, weather and transportable radar systems used hitherto to monitor and study tephra 
emissions are first reviewed along with their advantages and limitations. Some differences 
relevant to the study of radar signals of volcanic origin are also described. Then I present a 
unique transportable pulse Doppler radar named VOLDORAD, operating in the L-band and 
dedicated to the study of explosive activity. Because it can be set up close to an eruptive 
vent and sound at a high rate the interior of even heavily particle-laden plumes within small 
beam volumes right above the emission source, many features of processes and dynamics of 
volcanic emissions can be characterized at different time scales from the spatiotemporal 
analysis of echo signals. Examples are provided of records obtained with VOLDORAD at 



 17 

Volcanological Applications of  
Doppler Radars: A Review and Examples  

from a Transportable Pulse Radar in L-Band 
Franck Donnadieu  

1Clermont Université, Université Blaise Pascal,  
Observatoire de Physique du Globe de Clermont-Ferrand (OPGC), 

Laboratoire Magmas et Volcans, Clermont-Ferrand 
2CNRS, UMR 6524, LMV, Clermont-Ferrand 

3IRD, R 163, LMV, Clermont-Ferrand 
France 

1. Introduction  

Many types of radar systems have been applied to the study of a wide range of volcanic 
features. Fields of application commonly include volcano deformation by interferometric 
synthetic aperture radar (InSAR), mainly satellite-based (e.g. Froger et al., 2007) but also 
ground-based like LISA (Casagli et al., 2009), digital elevation model generation using 
satellite or airborne InSAR measurements, surface products mapping by amplitude images 
of satellite radars, characterization of unexposed deposits by ground-penetrating radars 
(Russell & Stasiuk, 1997), monitoring of active lava domes and flows by either ad-hoc 
ground-based radars (e.g. Malassingne et al., 2001; Macfarlane et al., 2006; Wadge et al., 
2005, 2008) or commercial ones (Hort et al., 2006; Vöge & Hort, 2008, 2009; Vöge et al., 2008), 
and quantitative characterization of explosive activity by means of fixed weather radars 
(large ash plumes) and transportable radars (Strombolian activity, weak ash plumes). A 
thorough review of all radar applications in volcanology is beyond the scope of this chapter 
which, instead, focuses on recent investigations of explosive eruptive regimes enhanced by 
the developments of dedicated transportable ground-based radars, by the recent advances 
made in signal interpretation using eruption models, and by the important concerns raised 
by ash plume hazards.  

Below, weather and transportable radar systems used hitherto to monitor and study tephra 
emissions are first reviewed along with their advantages and limitations. Some differences 
relevant to the study of radar signals of volcanic origin are also described. Then I present a 
unique transportable pulse Doppler radar named VOLDORAD, operating in the L-band and 
dedicated to the study of explosive activity. Because it can be set up close to an eruptive 
vent and sound at a high rate the interior of even heavily particle-laden plumes within small 
beam volumes right above the emission source, many features of processes and dynamics of 
volcanic emissions can be characterized at different time scales from the spatiotemporal 
analysis of echo signals. Examples are provided of records obtained with VOLDORAD at 



Doppler Radar Observations –  
Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications 

 

410 

several volcanoes in different sounding conditions and various types of volcanic activity, 
from Strombolian lava jets to weak ash plumes. They are meant to illustrate the many 
capabilities of this type of radar and the interpretation of the variety of Doppler signatures 
in terms of volcanic processes.  

2. Radar monitoring of explosive eruptions 
2.1 Ash plume hazards and tephra dispersal forecast 

Volcanic ash plumes generate important hazards as widespread ash fallout may cause 
serious perturbations to surrounding population and infrastructures. In addition, volcanic 
ash clouds derived from eruptive columns, even of moderate size, can generate direct 
hazards to aviation, as recently highlighted by the 2010 Eyjafjöll eruption in Iceland. The air 
traffic was disrupted over Europe for several days, causing a loss of about 1.7 billion dollars 
to airliners. Although no significant damage to aircraft was reported for this eruption, over 
120 aircraft encounters with volcanic ash have nevertheless been documented between 1973 
and 2008 (Schneider, 2009). The tracking of large ash clouds has therefore become a main 
concern in the last decades, as attested by the creation of Volcanic Ash Advisory Centers 
(VAAC) to provide their expertise to civil aviation in case of significant volcanic eruptions. 
Volcanic ash transport and dispersion (VATD) models are used to forecast the location and 
movement of ash clouds over hours to days in order to define hazards to aircraft and to 
communities downwind. Inputs are eruption source parameters such as plume height, mass 
eruption rate, duration, and mass fraction of fine ash (Mastin et al., 2009). Values of such 
parameters are frequently unconstrained in the first minutes or hours after an eruption is 
detected, and also change during an eruption (e.g. plume height), requiring rapid 
reevaluation. Dispersion model forecast are routinely validated, verified against all available 
observations, including field observations, combination of tephra deposits analysis and 
theoretical models, or in-situ measurements and sampling (aircraft). However remotely-
sensed measurements by satellite imagery, ground-based radars and lidars, or better a 
combination of all, are the most efficient tools for real-time response owing to their 
continuous data acquisition and potential for automatic processing and rapid parameter 
quantification (Fig. 1).  

 
Fig. 1. Synergetic potential of integrated remote-sensing techniques for ash plume 
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2.2 Ash plume monitoring 

Long-range trajectory tracking of ash clouds is achieved primarily by means of satellite 
imagery. Although Delene et al. (1996) showed the utility of a satellite-based microwave 
imager passively measuring radiations (19-85 GHz) of millimetric volcanic particles from an 
ash cloud of Mount Spurr in 1992, satellite visible-infrared radiometric observations from 
geostationary platforms are usually exploited (e.g., Rose et al., 2000). The evolution of the 
ash cloud spatial distribution, in particular, can be imaged at intervals of 15-30 min. 
Important parameters can be further retrieved like the approximate plume height assuming 
thermal equilibrium with the atmosphere (non unicity of solutions for altitudes above the 
tropopause), and the concentration and size of distal particles (< 20 microns) transported in 
the atmosphere, assuming particle sphericity and vertically homogeneous concentration. 
Using these assumptions, the mass of SO2 and ash can be integrated on successive images 
(e.g. Wen & Rose, 1994). Scollo et al. (2010) also showed the potential of Multiangle Imaging 
SpectroRadiometer (MISR) working in four wavelengths in visible and near-infrared bands, 
for the 3-D reconstruction of ash plume shape, and for the retrieval of column height, optical 
depth, type and shape of the finest particles, among the most sensitive inputs for ash 
dispersal modeling.  

Yet, the exploitation of satellite images for monitoring purposes is limited by (1) the 
presence of clouds at higher levels, (2) an insufficient acquisition rate for event onset 
detection, (3) a relatively poor spatial resolution, (4) errors of the “split-window” method 
(brightness temperature difference) when the volcanic plume lies over a very cold surface or 
when the plume lies above a clear land surface at night where strong surface temperature 
and moisture inversions exist (Prata et al., 2001). In addition, low ash content and/or small 
ash plumes might not be clearly observed and near-source emissions are obscured by the 
emitted tephra. For these reasons, ground-based radar systems represent an optimal 
complementary solution for real-time monitoring of these phenomena, by providing higher 
spatial resolution and data acquisition rates, as well as the ability to make observations at 
night and under any weather conditions. Real-time monitoring of ash plumes is crucial, in 
particular for the initialization of dispersion models. In this respect, essential input 
parameters such as plume height, mass flux, and particle concentration can be assessed 
quantitatively from radar data and directly contribute to improve ash dispersion forecasts.  

2.2.1 Radar monitoring of ash plumes 

2.2.1.1 Weather radar observations 

2.2.1.1.1 Characteristics and advantages 

Although ash plume hazards to aviation safety raised concerns early on about the detection 
capacity of ash clouds by airborne radar (Musolf, 1994; Stone, 1994), most observations of 
large volcanic ash clouds have been opportunely carried out by fixed meteorological radars 
of national weather services. Weather radars operate at microwave frequencies from S band 
(7.5-15 cm wavelength, generally about 10 cm) up to C band (3.75-7 cm wavelength, 
commonly around 6 cm), X band (2.5-3.75 cm wavelength, commonly around 3 cm) and Ka 
band (0.75-1.11 cm wavelength, often around 1 cm). With peak powers up to 250 kW or even 
higher, they have sufficient sensitivity to detect volcanic ash clouds with small particle sizes. 
Pulsed systems ensure a relatively high spatial range resolution of a few hundreds of 
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several volcanoes in different sounding conditions and various types of volcanic activity, 
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movement of ash clouds over hours to days in order to define hazards to aircraft and to 
communities downwind. Inputs are eruption source parameters such as plume height, mass 
eruption rate, duration, and mass fraction of fine ash (Mastin et al., 2009). Values of such 
parameters are frequently unconstrained in the first minutes or hours after an eruption is 
detected, and also change during an eruption (e.g. plume height), requiring rapid 
reevaluation. Dispersion model forecast are routinely validated, verified against all available 
observations, including field observations, combination of tephra deposits analysis and 
theoretical models, or in-situ measurements and sampling (aircraft). However remotely-
sensed measurements by satellite imagery, ground-based radars and lidars, or better a 
combination of all, are the most efficient tools for real-time response owing to their 
continuous data acquisition and potential for automatic processing and rapid parameter 
quantification (Fig. 1).  
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ash plumes might not be clearly observed and near-source emissions are obscured by the 
emitted tephra. For these reasons, ground-based radar systems represent an optimal 
complementary solution for real-time monitoring of these phenomena, by providing higher 
spatial resolution and data acquisition rates, as well as the ability to make observations at 
night and under any weather conditions. Real-time monitoring of ash plumes is crucial, in 
particular for the initialization of dispersion models. In this respect, essential input 
parameters such as plume height, mass flux, and particle concentration can be assessed 
quantitatively from radar data and directly contribute to improve ash dispersion forecasts.  

2.2.1 Radar monitoring of ash plumes 

2.2.1.1 Weather radar observations 

2.2.1.1.1 Characteristics and advantages 

Although ash plume hazards to aviation safety raised concerns early on about the detection 
capacity of ash clouds by airborne radar (Musolf, 1994; Stone, 1994), most observations of 
large volcanic ash clouds have been opportunely carried out by fixed meteorological radars 
of national weather services. Weather radars operate at microwave frequencies from S band 
(7.5-15 cm wavelength, generally about 10 cm) up to C band (3.75-7 cm wavelength, 
commonly around 6 cm), X band (2.5-3.75 cm wavelength, commonly around 3 cm) and Ka 
band (0.75-1.11 cm wavelength, often around 1 cm). With peak powers up to 250 kW or even 
higher, they have sufficient sensitivity to detect volcanic ash clouds with small particle sizes. 
Pulsed systems ensure a relatively high spatial range resolution of a few hundreds of 
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meters. Reflector antennas provide half-power beam-widths of a few degrees. These systems 
usually scan in azimuth and elevation, within a few minutes, allowing the maximum plume 
height to be tracked through time, along with the spatial variations of its reflectivity. Most 
have a Doppler capability to measure radial wind velocity, that can be used to infer 
information on internal velocities of ash clouds and retrieve information on turbulence, 
which has seldom been used. New generation radars are dual-polarized, which may further 
help to discriminate ash from hydrometeors. 

Powerful weather radars, operating continuously at minute-scale acquisition rate and in all 
weather, have been used occasionally to track large ash clouds, chiefly since the first radar 
observations of Hekla eruption in 1970 and Augustine in 1976, because the information held 
in their records is many fold and potentially very useful for risk mitigation. Scan images of 
the ash cloud provide reflectivity variations in horizontal and vertical planes. Time 
evolutions of its height and lateral spreading can then be retrieved, along with its ascent rise 
rate and lateral transport speed. Mass and volume of radar-detected ash, as well as particle 
concentrations in the cloud can be estimated provided the grain size distribution can be 
constrained (from ash fall or other). 

2.2.1.1.2 Observations 

Harris et al. (1981), Harris & Rose (1983) and Rose & Kostinski (1994) first collected 
observations of ash plumes from Mt. St. Helens in 1980-1982 using 5 cm and 23 cm radar 
systems. They tracked the position of the ash cloud of March 19 1982, and estimated its 
volume (2000 500 km3), the concentration of ash (0.2-0.6 g/m3), reflectivity factors of 4-5 
mm6/m3 (6-7 dBZ), and the total mass of ash erupted (3-10108 kg). For the famous 
paroxysmal eruption of May 18 1980, they obtained a mass of 51011 kg, an ash volume of 
0.2 km3, and particle concentration of 3-9 g/m3, for the ash cloud downwind of Mount St. 
Helens, 1.5-2 h after its eruption (horizontal speed 135 km/h). Reflectivity factors found for 
these dense (but distal) ash clouds (7-60 mm6/m3 or 8-18 dBZ) are several orders of 
magnitude smaller than those for severe weather considered routinely detectable by 
airborne weather radar and dangerous for aviation. Eruption-column rise rates and 
horizontal drift of ash clouds of Mount Pinatubo, Philippines, in 1991, were also tracked 
using two military C-band weather radars 40 km away (Oswalt et al., 1996). During the 
second eruption of June 12, 1991, radars indicated an apparent column rise rate in excess of 
400 m/s. Radar height measurements were typically 10 to 15 percent lower than ash cloud 
heights inferred from satellite temperature analyses. Radar observations also suggested that 
higher eruption columns correlated with greater particle size and density within the 
column. Using a C-band radar Rose et al. (1995) found that most intense reflections in an ash 
cloud of Mount Spurr in 1992 came from particles 2 to 20 mm in diameter and with a total 
particle mass concentration of <0.01 to 1 g/m3. The radar did not detect distal parts of the 
ash cloud, which have an atmospheric residence time of longer than 30 minutes, because the 
larger more reflective ash particles drop out. Maki and Doviak (2001) observed ash plumes 
of Mount Oyama on Miyake Island, Japan, in 2000, with a 5-cm (C band) radar, and 
proposed a method to obtain the time-dependent size distribution of ash particles from the 
time dependence of the reflectivity factor. Lacasse et al. (2004) reported observations of the 
ash cloud of the Icelandic Hekla volcano in 2000 with a C-band radar at Keflavík 
international airport. Reflectivity factors in the range 30 to >60 dBZ characterized the 
eruption column above the vent due to the dominant influence of lapilli and ash (tephra) on 

Volcanological Applications of Doppler Radars:  
A Review and Examples from a Transportable Pulse Radar in L-Band 

 

413 

the overall reflected signal, whereas values of between 0 and 30 dBz characterized the cloud 
advected downwind. The plume head had a mean ascent rate of 30 to 50 m/s up to 12 km in 
altitude (upper limit of the radar). Using the same radar, Marzano et al. (2006a, 2010a) found 
maximum reflectivities of 34 dBZ for the 2004 ash cloud of Grímsvötn volcano (260 km 
away), at a height of 6 km (minimum detection altitude). From an inversion technique based 
on a classification scheme of particles, they estimated ash concentrations of up to 6 g/m3, 
and ashfall rates of up to 31 kg/h. Likewise, for the 2010 Eyjafjöll eruption, Marzano et al. 
(2011) determined an ash mass of up to 15×108 kg on April 16, and 8×107 kg on May 5. 
Recently, Marzano et al. (2010b) used volume scan data acquired in the S-band by a 
NEXRAD WSR-88D ground-based weather radar at Augustine vocano in Alaska in 2006 
(Wood et al., 2007). From their model-based technique, ash aggregate concentrations of up 
to 0.2g/m3 were found to correspond to measured reflectivities of up to 55 dBZ at an ash 
column height of about 4 km. Maki et al. (2001) first reported observations of ash plumes 
from Mount Oyama in Japan by a 3-cm wavelength polarimetric mobile radar about 40 km 
away. They discussed the possibility of detecting volcanic ash particles and estimating their 
size distribution from polarimetric radar parameters such as the differential reflectivity and 
specific differential phase shift.  

2.2.1.1.3 Limitations 

As seen previously, ground-based weather radar systems are powerful tools for volcanic ash 
cloud detection and quantification. Their Doppler capacity has not, so far, been much 
exploited in the study of ash clouds and could aid understanding of the interplay between 
their dynamics and their environmental conditions (wind, atmospheric properties such as 
humidity and temperature profiles, etc). Their main limitations are, in general: (i) their 
limited sensitivity tending to render invisible to the radar the cloud parts where particle 
concentration is too low (ultimately all of the ash cloud). This leads to an underestimation of 
the ash cloud lateral extension, and also of its height because the top of the ash column may 
be coarse-depleted. Another source of error on column heights, and hence an 
underestimation of height-derived eruption rates, may come from the incomplete filling of 
the highest volume scanned by the plume top. The sensitivity of the ground-based radar 
measurements will decrease as the ash cloud moves farther away. (ii) By using single-
polarization weather radar, however, it is fairly difficult to discriminate between ash, 
hydrometeors, and mixed particles. Ice nucleation and subsequent loss in reflectivity also 
make ash detection more difficult (Marzano et al., 2006b). These authors suggest that 
polarimetric radars may improve discrimination of the impact of cloud ice and liquid water 
on ash aggregates. According to Hannesen and Weipert (2011), however, significant overlap 
exists between meteorological targets and volcanic ash, so that, even if all polarimetric 
observables of dual-polarized radars are used, automatic detection might be tricky. With 
polarimetric data, however, the retrieval of volcanic parameters could be improved by 
taking into account the mixed particle composition and their shape (Marzano et al., 2012). 
(iii) Path attenuation effects are not always negligible. According to Marzano and Ferrauto 
(2003), in the case of hydrometeors, any radar technique above S band should take into 
account, and possibly remove, path attenuation effects in order to correctly convert 
measured reflectivity into rain rate. For ash clouds, Marzano et al. (2006b) concluded that C-
band may offer some advantages in terms of radar reflectivity response and negligibility of 
path attenuation. While still tolerable at X-band, the path attenuation cannot be handled at 
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meters. Reflector antennas provide half-power beam-widths of a few degrees. These systems 
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help to discriminate ash from hydrometeors. 
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the overall reflected signal, whereas values of between 0 and 30 dBz characterized the cloud 
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away), at a height of 6 km (minimum detection altitude). From an inversion technique based 
on a classification scheme of particles, they estimated ash concentrations of up to 6 g/m3, 
and ashfall rates of up to 31 kg/h. Likewise, for the 2010 Eyjafjöll eruption, Marzano et al. 
(2011) determined an ash mass of up to 15×108 kg on April 16, and 8×107 kg on May 5. 
Recently, Marzano et al. (2010b) used volume scan data acquired in the S-band by a 
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(Wood et al., 2007). From their model-based technique, ash aggregate concentrations of up 
to 0.2g/m3 were found to correspond to measured reflectivities of up to 55 dBZ at an ash 
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away. They discussed the possibility of detecting volcanic ash particles and estimating their 
size distribution from polarimetric radar parameters such as the differential reflectivity and 
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cloud detection and quantification. Their Doppler capacity has not, so far, been much 
exploited in the study of ash clouds and could aid understanding of the interplay between 
their dynamics and their environmental conditions (wind, atmospheric properties such as 
humidity and temperature profiles, etc). Their main limitations are, in general: (i) their 
limited sensitivity tending to render invisible to the radar the cloud parts where particle 
concentration is too low (ultimately all of the ash cloud). This leads to an underestimation of 
the ash cloud lateral extension, and also of its height because the top of the ash column may 
be coarse-depleted. Another source of error on column heights, and hence an 
underestimation of height-derived eruption rates, may come from the incomplete filling of 
the highest volume scanned by the plume top. The sensitivity of the ground-based radar 
measurements will decrease as the ash cloud moves farther away. (ii) By using single-
polarization weather radar, however, it is fairly difficult to discriminate between ash, 
hydrometeors, and mixed particles. Ice nucleation and subsequent loss in reflectivity also 
make ash detection more difficult (Marzano et al., 2006b). These authors suggest that 
polarimetric radars may improve discrimination of the impact of cloud ice and liquid water 
on ash aggregates. According to Hannesen and Weipert (2011), however, significant overlap 
exists between meteorological targets and volcanic ash, so that, even if all polarimetric 
observables of dual-polarized radars are used, automatic detection might be tricky. With 
polarimetric data, however, the retrieval of volcanic parameters could be improved by 
taking into account the mixed particle composition and their shape (Marzano et al., 2012). 
(iii) Path attenuation effects are not always negligible. According to Marzano and Ferrauto 
(2003), in the case of hydrometeors, any radar technique above S band should take into 
account, and possibly remove, path attenuation effects in order to correctly convert 
measured reflectivity into rain rate. For ash clouds, Marzano et al. (2006b) concluded that C-
band may offer some advantages in terms of radar reflectivity response and negligibility of 
path attenuation. While still tolerable at X-band, the path attenuation cannot be handled at 
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Ka-band. The advantage of higher frequencies (X-, Ka-band) is the potential diminution of 
the overall size of the system and a higher sensitivity to fine particles, hence a better 
detection at low ash concentration. For near-source soundings, path attenuation effects are 
presumably very important up to X-band and possibly non negligible up to L-band because 
of the high particle concentrations and sizes (commonly pluri-decimetric), especially in the 
gas thrust region. Further investigations are needed, even at L-band. (iv) Weather radars 
cannot track ash clouds over the long-term, due to the low atmospheric residence time of 
reflective coarse particles. (v) Their maximum detection range is generally within 200-300 
kilometers of their fixed location. Portable radar systems overcome the limitation of 
observing ash clouds from a far distance and always the same volcano. In many respects, 
the synergetic role of satellite imagery in tracking volcanic ash, particularly after the initial 
stages of an eruptive event is obvious. (vi) Weather radars are unable to image the lowest 
few kilometers of the ash column when the volcano is too far away (and the top if above the 
beam), preventing early detection and retrieval of the near-source ash plume characteristics. 
To avoid some of these shortcomings, institutes in charge of volcano monitoring have 
started to integrate nearby dedicated radars into their instrumental networks. 

2.2.1.2 Radars dedicated to volcano monitoring 

Given the benefits of continuous quantitative retrieval of parameters such as height and 
mass loading which are crucial to initiate dispersion models, permanent volcano monitoring 
using weather radars has become more widely used. Ground-based weather radar networks 
are currently operational at several volcanoes, in Alaska, Iceland, Italy and Guadeloupe. The 
U.S. Geological Survey first experimented in 1997 with a ground-based Doppler radar at the 
National Center for the Prevention of Disasters (CENAPRED) in Mexico to track the 
dispersal of ash plumes of Popocatépetl volcano and at least two eruptions were 
successfully captured. In addition to the near contiguous network of weather-monitoring 
Doppler radar NEXRAD operated by the U.S. National Weather Service, the U.S. Geological 
Survey also deployed a new truck-transportable C-band Doppler radar (MiniMax-250C) 
during the 2009 eruptions of Redoubt Volcano, Alaska (Hoblitt and Schneider, 2009). Results 
for 17 ash plumes detected by the radar compared favorably well with those of a nearby 
WSR-88D NEXRAD operated by the Federal Aviation Administration. The sector-scanning 
strategy (45°) of the new mobile radar advantageously allowed event onset detection within 
less than a minute. Heights (9-19 km) and vertical rise rates of the ash columns (25-60 m/s) 
have been determined. The high radar reflectivity values of the central core of the eruption 
column (50-60 dBZ) were interpreted as being the result of rapid formation of volcanic ash-
ice aggregates (Schneider, 2012).  

The X-band is generally preferable providing higher sensitivity with respect to lower 
frequency bands typically used for weather observations. The Japanese government recently 
set up an X-band polarimetric radar near Sakurajima volcano, able to monitor its recurrent 
vulcanian ash plumes (M. Maki, pers. comm.). Since November 2010, the Icelandic Met 
Office has had on loan from the Italian Civil Protection a mobile X-band dual-polarization 
radar for volcano monitoring. This radar (75 km from the volcano), along with the fixed 
weather C-band radar in Keflavík (257 km from the volcano), monitored the ash plumes of 
Eyjafjoll in 2010 and Grimsvötn in 2011 (Arason et al., 2011, 2012). These authors used in 
particular the radar time-series of the plume heights to calculate the mean eruptive flow 
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rate. From the polarimetric X-band dataset of this eruption, Hannesen and Weipert (2011) 
quantified ash concentrations of up to 100 g/m3 and ash fall rates of up to 100 kg/m2/h at a 
height of 4.5 km from all polarimetric observables. They emphasize, however, the limits of 
ash quantification, the ambiguity in the separation of precipitation and ash that makes 
automatic detection still difficult, and the signal weakness from distant ash that prevents 
radar observations. Vulpiani et al. (2011) explored the benefits of the mobile dual 
polarization X band radar (DPX 4) operated by the Department of Civil Protection at the 
airport of Catania Fontanarossa (30 km to the South) to monitor Etna and offer support to 
the decisions of the authorities that regulate and control air traffic. In an ash plume fed from 
a lava fountain, maximum reflectivities of 35 dBZ were measured at medium distances of 
10-40 km from the volcano. Estimated mass concentrations vary up to a few g/m3, although 
most are below 1 g/m3. The instrumental monitoring network of Etna operated by the 
Istituto Nazionale di Geofisica I Vulcanologia (INGV) also comprises, since 2009, and this is 
unique, a permanent ground-based L-band Doppler radar of the Observatoire de Physique 
du Globe de Clermont-Ferrand (OPGC, France) targeting the summit craters (Donnadieu et 
al., 2009a, 2012). Named VOLDORAD 2B, this radar is similar to the transportable volcano 
Doppler radar (VOLDORAD) successfully applied in several volcanic contexts (Dubosclard 
et al., 1999, 2004; Donnadieu et al., 2003, 2005), as illustrated later in this chapter (cf. section 
7.1, fig. 16). The permanent radar at Etna should complement observations from the INGV 
monitoring network to constrain the inputs of the tephra dispersal models run automatically 
to perform tephra dispersal forecast (Scollo et al., 2009). 

2.2.1.3 Fallout measurements 

A compact X-band continuous wave, low power (10 mW) Doppler Radar (PLUDIX, 9.5 GHz 
frequency of operation), originally designed as a rain gauge disdrometer, was utilized to 
measure the terminal settling velocities and infer sizes of plume fallout at Mount Etna in 
2002 (Scollo et al., 2005) and Eyjafjallajökull in 2010 (Bonadonna et al., 2011). PLUDIX-
derived particle size distributions agree reasonably well with sieve-derived grain size 
distributions, but only for diameter range above 500 microns, and so should be used within 
a few kilometers from the source. Such measurements, along with deposit sampling and 
other methods shown in figure 1, can usefully complement other radar observations of the 
ash plume/cloud (Fig. 1) by providing the particle size distribution necessary to accurately 
retrieve the loading parameters (total mass, mass concentrations, mass flux of tephra). 

2.2.1.4 Compact portable Doppler radars for near-source measurements 

The growing need to get insight into the dynamics of explosive eruptions and to measure 
eruptive parameters at the source has led to the development of several active remote 
sensing compact instruments in the last decade or so. The first attempt to bring 
transportable sounders close to volcanic craters to measure the near-source dynamics was 
achieved by Weill et al. (1992) who successfully determined vertical velocities in the range 
20-80 m/s for over 100 mild Strombolian explosions at Stromboli using a Doppler sodar. 
This cumbersome acoustic sounder could operate only at a few hundred meters from the 
vent and, hence, was not well suited to the sounding of larger magnitude, hazardous 
eruptions. Besides, velocity determinations using sodar require the knowledge of sound 
velocity at the jet temperature and gas composition, which was not available. Two main 
types of dedicated portable radars have since been used with the primary goal of studying 
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Ka-band. The advantage of higher frequencies (X-, Ka-band) is the potential diminution of 
the overall size of the system and a higher sensitivity to fine particles, hence a better 
detection at low ash concentration. For near-source soundings, path attenuation effects are 
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gas thrust region. Further investigations are needed, even at L-band. (iv) Weather radars 
cannot track ash clouds over the long-term, due to the low atmospheric residence time of 
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rate. From the polarimetric X-band dataset of this eruption, Hannesen and Weipert (2011) 
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al., 2009a, 2012). Named VOLDORAD 2B, this radar is similar to the transportable volcano 
Doppler radar (VOLDORAD) successfully applied in several volcanic contexts (Dubosclard 
et al., 1999, 2004; Donnadieu et al., 2003, 2005), as illustrated later in this chapter (cf. section 
7.1, fig. 16). The permanent radar at Etna should complement observations from the INGV 
monitoring network to constrain the inputs of the tephra dispersal models run automatically 
to perform tephra dispersal forecast (Scollo et al., 2009). 

2.2.1.3 Fallout measurements 

A compact X-band continuous wave, low power (10 mW) Doppler Radar (PLUDIX, 9.5 GHz 
frequency of operation), originally designed as a rain gauge disdrometer, was utilized to 
measure the terminal settling velocities and infer sizes of plume fallout at Mount Etna in 
2002 (Scollo et al., 2005) and Eyjafjallajökull in 2010 (Bonadonna et al., 2011). PLUDIX-
derived particle size distributions agree reasonably well with sieve-derived grain size 
distributions, but only for diameter range above 500 microns, and so should be used within 
a few kilometers from the source. Such measurements, along with deposit sampling and 
other methods shown in figure 1, can usefully complement other radar observations of the 
ash plume/cloud (Fig. 1) by providing the particle size distribution necessary to accurately 
retrieve the loading parameters (total mass, mass concentrations, mass flux of tephra). 

2.2.1.4 Compact portable Doppler radars for near-source measurements 

The growing need to get insight into the dynamics of explosive eruptions and to measure 
eruptive parameters at the source has led to the development of several active remote 
sensing compact instruments in the last decade or so. The first attempt to bring 
transportable sounders close to volcanic craters to measure the near-source dynamics was 
achieved by Weill et al. (1992) who successfully determined vertical velocities in the range 
20-80 m/s for over 100 mild Strombolian explosions at Stromboli using a Doppler sodar. 
This cumbersome acoustic sounder could operate only at a few hundred meters from the 
vent and, hence, was not well suited to the sounding of larger magnitude, hazardous 
eruptions. Besides, velocity determinations using sodar require the knowledge of sound 
velocity at the jet temperature and gas composition, which was not available. Two main 
types of dedicated portable radars have since been used with the primary goal of studying 
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eruption near-source dynamics through their Doppler capability: commercial micro rain 
radars, that are continuous-wave frequency-modulated and working at 24 GHz (Seyfried & 
Hort, 1999; Hort et al., 2003, 2006) and the VOLDORAD system, an L-band pulsed volcano 
Doppler radar (e.g., Dubosclard et al., 1999, 2004; Donnadieu et al., 2005). Being set up at a 
chosen location and aiming directly at the emission source (instead of rotation scanning), 
these compact radar systems can advantageously sound the gas thrust region and provide 
source eruptive parameters like eruption velocities, but also capture short-lived weak 
explosive activity, not visible to satellites or weather radars. They have higher temporal (<1 s) 
and spatial resolutions (tens to hundreds of meters) and higher sensitivity. A comparison of 
some characteristics of weather radars and transportable volcano Doppler radars is 
presented in Table 1. 
 

 Location Max. range Min. range Acquisition 
rate 

Volume 
scanned 

Power 
consumption 

Frequency 
bands 

Weather 
radars Fixed 100-300 km Few km Few min km3 100s of kW S, C, X, Ka 

Portable 
radars Chosen 10-15 km 10s-100s m  1 s 104-108 m3 Few mW to 

few 10s of W L, X, Ka 

Table 1. Characteristics of weather and transportable radars for the monitoring of volcanic 
eruptions. Note in particular the difference in temporal and spatial resolution. 

Hort and Seyfried (1998) and Seyfried and Hort (1999) measured mean vertical velocities of 
about 10 m/s for 12 lava jets during very low activity at Stromboli volcano with a 
commercial portable FM-CW radar Doppler anemometer 200-300 m away from the eruptive 
vent. Using the same instrument, Hort et al. (2003) found an increase in eruption duration, 
much higher velocities and indirect evidence of mean particle size decrease after a rain 
storm. Gerst et al. (2008) reconstructed the 4D velocity (directivity) of Strombolian eruptions 
at Erebus and Stromboli from 3 FM-CW radars. FM-CW radars have a narrower field of 
view (around 1° or so at 3 dB) and can thus target a precise sector of the volcanic emission 
but, on the other hand, lack the integrated information of longer wavelength pulse radars 
with a wider beam aperture and deeper range gates. L-band frequency signals are very little 
attenuated by hydrometeors or volcanic particles and can sound the interior of very dense 
particle-laden plumes. VOLDORAD also has a higher temporal resolution (<0.1 s). 

Donnadieu et al. (2005) showed very detailed time series of power and maximum radial 
velocities of a Strombolian explosion at Etna and an ash plume at Arenal, acquired at high 
rate (<0.1 s) with VOLDORAD. Donnadieu et al. (2003, 2005) and Dubosclard et al. (2004) 
further showed evidence of strong correlation between volcanic tremor and maximum radar 
velocities for several Strombolian episodes, suggesting the influence of gas bubble dynamics 
in the conduit on tremor generation at Etna. Using VOLDORAD, Gouhier & Donnadieu 
(2008) first quantified the mass of tephra of Strombolian explosions at Etna (50-200 tons) 
from a new power inversion method. From the analysis of the shape of Doppler spectra of 
200 Strombolian explosions, Gouhier & Donnadieu (2010) found that 80% of the load is 
ejected within a 40° dispersion cone and that, for 2/3 of the explosions, ejecta are distributed 
uniformly within this cone. Using measured maximum radial velocities, at-vent particle and 
gas velocities can be retrieved, and source gas fluxes estimated when the vent diameter is 
known (Gouhier & Donnadieu, 2011). Comparing thermal data with records from a FM-CW 
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at Stromboli, Scharff et al. (2008) found a correlation between the radiative energy of 
Strombolian lava jets and the backscattered energy, suggesting that both methods record the 
relative variations of mass. They also found pulsations in the power time series of 40% of the 
eruptions, likely reflecting variations in mass eruption rate and originating in multiple 
consecutively exploding bubbles.  

Scharff et al. (2012) also report the pulsed release (2-5 s) of ash clouds from the dome of 
Santiaguito with particle radial velocities between 10 and 25 m/s, and preceded by a vertical 
dome uplift of about 50 cm, as recorded with a FM-CW radar. Using VOLDORAD, 
Donnadieu et al. (2008) had already reported staccato pressure release in the ash emissions 
of Arenal volcano, along with a variety of ash plume dynamics from short-lived explosive 
events with radial velocities of up to 90 m/s, to sustained pulsed ash jetting and to passive 
dilute ash emissions. Donnadieu et al. (2011) successfully reconstructed the 3D vector of the 
ash plume transport speed from the echo onsets in contiguous range gates. 

3. Specificity of radar signals of volcanic origin 
3.1 Examples of meteorological signals 

While abundant literature describes the effects of meteorological targets on weather radar 
signals, few studies characterize volcanic targets from a radar perspective. Not only the 
dynamics of volcanic eruptions strongly differs from that of common meteorological 
phenomena but also the target properties. This section points out some differences relevant 
to the study of radar signals of volcanic origin, for measurements near the emission source 
and in the distal part of ash clouds.  

 
Fig. 2. Examples of meteorological Doppler spectra from a 24 GHz Micro Rain Radar. 
Reflectivity is shown versus radial velocity (i.e. fall speed with vertical beam) at a 1 hour 
interval (6:05 U.T. in red and 07:05 U.T. in green) on 21/12/2011: (a) snow crystals at 1430-
1730 m a.s.l., (b) mixture of melting snow and water droplets in the radar bright-band (930-
1230 m a.s.l.), (c) melt water droplets at 430-730 m a.s.l.. Data of MRR4 at Aulnat Airport 
(France): courtesy of Yves Pointin (OPGC). 

Typical Doppler spectra of meteorological targets showing reflectivity versus fall speeds are 
presented in figure 2. Because the sounding is vertical, radial velocities (toward the radar) 
directly indicate fall speeds, unlike in the oblique radar soundings of volcanic emissions. At 
altitude, low reflectivity snow crystals fall at low speed (Gaussian shape spectrum). At 
intermediary altitude, a mixture of melting snow and water droplets (radar bright-band) 
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eruption near-source dynamics through their Doppler capability: commercial micro rain 
radars, that are continuous-wave frequency-modulated and working at 24 GHz (Seyfried & 
Hort, 1999; Hort et al., 2003, 2006) and the VOLDORAD system, an L-band pulsed volcano 
Doppler radar (e.g., Dubosclard et al., 1999, 2004; Donnadieu et al., 2005). Being set up at a 
chosen location and aiming directly at the emission source (instead of rotation scanning), 
these compact radar systems can advantageously sound the gas thrust region and provide 
source eruptive parameters like eruption velocities, but also capture short-lived weak 
explosive activity, not visible to satellites or weather radars. They have higher temporal (<1 s) 
and spatial resolutions (tens to hundreds of meters) and higher sensitivity. A comparison of 
some characteristics of weather radars and transportable volcano Doppler radars is 
presented in Table 1. 
 

 Location Max. range Min. range Acquisition 
rate 

Volume 
scanned 

Power 
consumption 

Frequency 
bands 

Weather 
radars Fixed 100-300 km Few km Few min km3 100s of kW S, C, X, Ka 

Portable 
radars Chosen 10-15 km 10s-100s m  1 s 104-108 m3 Few mW to 

few 10s of W L, X, Ka 

Table 1. Characteristics of weather and transportable radars for the monitoring of volcanic 
eruptions. Note in particular the difference in temporal and spatial resolution. 

Hort and Seyfried (1998) and Seyfried and Hort (1999) measured mean vertical velocities of 
about 10 m/s for 12 lava jets during very low activity at Stromboli volcano with a 
commercial portable FM-CW radar Doppler anemometer 200-300 m away from the eruptive 
vent. Using the same instrument, Hort et al. (2003) found an increase in eruption duration, 
much higher velocities and indirect evidence of mean particle size decrease after a rain 
storm. Gerst et al. (2008) reconstructed the 4D velocity (directivity) of Strombolian eruptions 
at Erebus and Stromboli from 3 FM-CW radars. FM-CW radars have a narrower field of 
view (around 1° or so at 3 dB) and can thus target a precise sector of the volcanic emission 
but, on the other hand, lack the integrated information of longer wavelength pulse radars 
with a wider beam aperture and deeper range gates. L-band frequency signals are very little 
attenuated by hydrometeors or volcanic particles and can sound the interior of very dense 
particle-laden plumes. VOLDORAD also has a higher temporal resolution (<0.1 s). 

Donnadieu et al. (2005) showed very detailed time series of power and maximum radial 
velocities of a Strombolian explosion at Etna and an ash plume at Arenal, acquired at high 
rate (<0.1 s) with VOLDORAD. Donnadieu et al. (2003, 2005) and Dubosclard et al. (2004) 
further showed evidence of strong correlation between volcanic tremor and maximum radar 
velocities for several Strombolian episodes, suggesting the influence of gas bubble dynamics 
in the conduit on tremor generation at Etna. Using VOLDORAD, Gouhier & Donnadieu 
(2008) first quantified the mass of tephra of Strombolian explosions at Etna (50-200 tons) 
from a new power inversion method. From the analysis of the shape of Doppler spectra of 
200 Strombolian explosions, Gouhier & Donnadieu (2010) found that 80% of the load is 
ejected within a 40° dispersion cone and that, for 2/3 of the explosions, ejecta are distributed 
uniformly within this cone. Using measured maximum radial velocities, at-vent particle and 
gas velocities can be retrieved, and source gas fluxes estimated when the vent diameter is 
known (Gouhier & Donnadieu, 2011). Comparing thermal data with records from a FM-CW 
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at Stromboli, Scharff et al. (2008) found a correlation between the radiative energy of 
Strombolian lava jets and the backscattered energy, suggesting that both methods record the 
relative variations of mass. They also found pulsations in the power time series of 40% of the 
eruptions, likely reflecting variations in mass eruption rate and originating in multiple 
consecutively exploding bubbles.  

Scharff et al. (2012) also report the pulsed release (2-5 s) of ash clouds from the dome of 
Santiaguito with particle radial velocities between 10 and 25 m/s, and preceded by a vertical 
dome uplift of about 50 cm, as recorded with a FM-CW radar. Using VOLDORAD, 
Donnadieu et al. (2008) had already reported staccato pressure release in the ash emissions 
of Arenal volcano, along with a variety of ash plume dynamics from short-lived explosive 
events with radial velocities of up to 90 m/s, to sustained pulsed ash jetting and to passive 
dilute ash emissions. Donnadieu et al. (2011) successfully reconstructed the 3D vector of the 
ash plume transport speed from the echo onsets in contiguous range gates. 

3. Specificity of radar signals of volcanic origin 
3.1 Examples of meteorological signals 

While abundant literature describes the effects of meteorological targets on weather radar 
signals, few studies characterize volcanic targets from a radar perspective. Not only the 
dynamics of volcanic eruptions strongly differs from that of common meteorological 
phenomena but also the target properties. This section points out some differences relevant 
to the study of radar signals of volcanic origin, for measurements near the emission source 
and in the distal part of ash clouds.  

 
Fig. 2. Examples of meteorological Doppler spectra from a 24 GHz Micro Rain Radar. 
Reflectivity is shown versus radial velocity (i.e. fall speed with vertical beam) at a 1 hour 
interval (6:05 U.T. in red and 07:05 U.T. in green) on 21/12/2011: (a) snow crystals at 1430-
1730 m a.s.l., (b) mixture of melting snow and water droplets in the radar bright-band (930-
1230 m a.s.l.), (c) melt water droplets at 430-730 m a.s.l.. Data of MRR4 at Aulnat Airport 
(France): courtesy of Yves Pointin (OPGC). 

Typical Doppler spectra of meteorological targets showing reflectivity versus fall speeds are 
presented in figure 2. Because the sounding is vertical, radial velocities (toward the radar) 
directly indicate fall speeds, unlike in the oblique radar soundings of volcanic emissions. At 
altitude, low reflectivity snow crystals fall at low speed (Gaussian shape spectrum). At 
intermediary altitude, a mixture of melting snow and water droplets (radar bright-band) 



Doppler Radar Observations –  
Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications 

 

418 

produces more complex spectrum shapes, whereas at lower altitude melt water droplets 
produce rainfall with high reflectivity (Z>40 dBZ) and higher fall speeds up to 10 m/s. Note 
the relatively low velocities and spectrum width, as compared with the volcanic emission 
recorded by VOLDORAD (right panel in figure 3). 

3.2 Volcanic features relevant to radar investigations 

The contrasted radar signatures from meteorological targets and volcanic emissions are 
particularly conspicuous in figure 3 showing Doppler spectra recorded by VOLDORAD for 
rainfall and at the base of a weak ash plume during an explosive event. Whereas the rainfall 
shows narrow power distribution with a similar weak intensity and a well defined mode at 
12 m/s over many range gates, volcanic tephra backscatter much more power spread over a 
radial velocity range from -30 to +60 m/s in just the two range gates above the eruptive 
vent.  

 
Fig. 3. Doppler spectra recorded by VOLDORAD for rainfall and tephra emission. The 
snapshots show the signals and power spectral density recorded in 4 range bins (120 m 
deep) between 2520 and 2880m on 18 February 2004, with a beam elevation angle of 27°. 
Central ground clutters are not filtered. Left: rainfall; right: ash plume event.  

In addition to the sounding geometry effect, the large contrasts in echo power and velocity 
distribution (spectrum shape) observed in signals of volcanic origin relative to 
meteorological ones come at first order from the target sizes, velocity field, trajectories, with 
huge variations of these in amplitude in time and space, especially near the volcanic source. 

The sizes of tephra currently range from decimetric or even metric to micronic particles (6 
orders of magnitude) close to the vent while only particles microns to tens of microns in 
diameter can remain in the atmosphere for days. While Strombolian eruptions consist of the 
recurrent ejection of small-medium volumes of incandescent lava bombs and lapilli with 
commonly minor amounts of ash to heights of tens to hundreds of meters, the fragmentation 
of lava and particle dispersion are much higher in eruptions generating ash plumes. From a 
radar perspective, the backscattered power is strongly controlled by the larger particles. 
Consider for instance that an order of magnitude change in particle size leads to an increase 
by a factor of 106 in the reflectivity factor in the Rayleigh domain. However, the relative 
proportions of each size also counts, so the particle size distribution is of primary 
importance, albeit challenging to measure accurately over the full size range. Importantly, 
particles exceeding several centimeters (lapilli and blocks) present in most volcanic tephra 
emissions, prevent the use of the Rayleigh approximation to quantify near-source products 
and the Mie formulation must be used at all infra-metric wavelengths. 

Because volcanic emissions are made up of a mixture of hot gases, lava and solid fragments 
of various sizes ejected at high speed (tens to hundreds of m/s) from a vent, their dynamics 
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is complex and rapidly varying in time and space. The moments and shapes of Doppler 
spectra also fluctuate rapidly, with spatial variations among the range gates related to the 
dimension of the phenomenon with respect to the sounded volumes. The power spectral 
density results in particular from the complex combination of the particle velocity field and 
particle load distribution, i.e. the amount of particles, their velocities and trajectories. Being 
either short-lived or sustained, volcanic emissions can be roughly viewed as two-phase 
flows generally oriented vertically upward with a continuum of dynamic behaviors from 
inertial large blocks mostly following ballistic trajectories soon after their ejection down to 
the finest low-inertia particles nearly following the gas behavior involving a stronger 
deceleration soon after their emission. Crosswinds also affect the particles’ motion 
differentially according to their diameter and residual momentum. Gravity further implies 
that ejecta are propelled upward while others fall out simultaneously and both imprint their 
signature in near-source radar measurements. 

Volcanic emissions are generally highly turbulent close to the source (gas thrust region and 
convective part) and less turbulent in the distal cloud. The effect of turbulence in the cloud 
is difficult to assess because the particle behavior is highly size-dependent, from inertial 
large blocks to gas-entrained fine particles. Although assumed not to be dominant in radar 
measurements near the source where large particles are present, the turbulence effects 
affecting overall the small particles should nevertheless tend to increase the spectral width, 
as observed in radar meteorology. 

3.3 Target properties 

At second order, the intrinsic properties of the targets, their movements and chemico-
physical evolution, also play a role in the measured reflectivity. Because volcanic tephra 
generally originate from the violent fragmentation of magma by the expanding gas, their 
shape is also complex and their surface highly irregular at various scales. The effects of 
shape and roughness of volcanic particles on reflectivity have been little investigated at 
radar wavelengths. Yet they might be non negligible, at least at short wavelength, as 
suggested for meteorological targets. In examining the effects of ice crystal shapes on 
reflectivity at 3 mm wavelength, Okamato (2002) found, for instance, 8 and 5 dB effects of 
non-sphericity and orientation respectively, for particle sizes approaching the wavelength. 
In the volcanic case, the analysis is further complicated by in-flight modifications of the 
ejecta shape and orientation, especially close to the source. Large lava fragments, in 
particular, deform in-flight due to their plastic nature, as attested by the specific shapes of 
volcanic bombs (e.g. fusiform), or break up upon impact with other ejecta and because of 
high strain rates imposed by acceleration, rotation, and drag force. It must be expected that 
most fragments have a rapidly changing orientation in flight, especially close to the source 
where turbulence occurs. 

Water vapor being the dominant gas species exsolved from magma (commonly >85%), 
major condensation by the cold atmosphere occurs during eruptions. There is 2.4 factor 
difference between the dielectric factors of ash (0.39: Adams et al., 1996; Oguchi et al., 2009; 
Rogers et al., 2011) and liquid water (0.93). According to studies by Oguchi et al. (2009) from 
3 to 13 GHz, a water film coating 10-20% of the radius of a sub-millimetric volcanic particle 
is sufficient to raise the radar cross section to that of a whole liquid water particle (0.93 
dielectric factor). Water vapor further promotes the nucleation of ice (0.197 dielectric factor) 
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produces more complex spectrum shapes, whereas at lower altitude melt water droplets 
produce rainfall with high reflectivity (Z>40 dBZ) and higher fall speeds up to 10 m/s. Note 
the relatively low velocities and spectrum width, as compared with the volcanic emission 
recorded by VOLDORAD (right panel in figure 3). 

3.2 Volcanic features relevant to radar investigations 

The contrasted radar signatures from meteorological targets and volcanic emissions are 
particularly conspicuous in figure 3 showing Doppler spectra recorded by VOLDORAD for 
rainfall and at the base of a weak ash plume during an explosive event. Whereas the rainfall 
shows narrow power distribution with a similar weak intensity and a well defined mode at 
12 m/s over many range gates, volcanic tephra backscatter much more power spread over a 
radial velocity range from -30 to +60 m/s in just the two range gates above the eruptive 
vent.  

 
Fig. 3. Doppler spectra recorded by VOLDORAD for rainfall and tephra emission. The 
snapshots show the signals and power spectral density recorded in 4 range bins (120 m 
deep) between 2520 and 2880m on 18 February 2004, with a beam elevation angle of 27°. 
Central ground clutters are not filtered. Left: rainfall; right: ash plume event.  

In addition to the sounding geometry effect, the large contrasts in echo power and velocity 
distribution (spectrum shape) observed in signals of volcanic origin relative to 
meteorological ones come at first order from the target sizes, velocity field, trajectories, with 
huge variations of these in amplitude in time and space, especially near the volcanic source. 

The sizes of tephra currently range from decimetric or even metric to micronic particles (6 
orders of magnitude) close to the vent while only particles microns to tens of microns in 
diameter can remain in the atmosphere for days. While Strombolian eruptions consist of the 
recurrent ejection of small-medium volumes of incandescent lava bombs and lapilli with 
commonly minor amounts of ash to heights of tens to hundreds of meters, the fragmentation 
of lava and particle dispersion are much higher in eruptions generating ash plumes. From a 
radar perspective, the backscattered power is strongly controlled by the larger particles. 
Consider for instance that an order of magnitude change in particle size leads to an increase 
by a factor of 106 in the reflectivity factor in the Rayleigh domain. However, the relative 
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is complex and rapidly varying in time and space. The moments and shapes of Doppler 
spectra also fluctuate rapidly, with spatial variations among the range gates related to the 
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density results in particular from the complex combination of the particle velocity field and 
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Water vapor being the dominant gas species exsolved from magma (commonly >85%), 
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difference between the dielectric factors of ash (0.39: Adams et al., 1996; Oguchi et al., 2009; 
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is sufficient to raise the radar cross section to that of a whole liquid water particle (0.93 
dielectric factor). Water vapor further promotes the nucleation of ice (0.197 dielectric factor) 
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in ash plumes at high altitude, depending on the vertical atmospheric temperature profile, 
and favors aggregation of ash particles. Thus, ice formation has a double effect on 
reflectivity, acting both on the dielectric properties and the size (aggregation). Although the 
influence of temperature on the dielectric properties of rocks seems rather limited up to 
900°K (Campbell & Ulrichs, 1969), possible effects of magmatic temperatures need to be 
checked. The decrease of rock permittivity with silica content observed by these authors has 
direct consequences in terms of radar retrievals from eruption products of different 
composition, from basaltic to dacitic or rhyolitic for instance. As the combined contributions 
of all these effects might significantly change the reflectivity of ash plumes, they need to be 
further characterized physically, along with the relevant volcanic particle characteristics, in 
order to improve the accuracy of volcanic retrievals from radar returns. 

4. VOLDORAD, a dedicated volcanological Doppler radar 
4.1 Description of the transportable radar 

VOLDORAD is a ground-based pulse volcano Doppler radar specifically designed at the 
Observatoire de Physique du Globe de Clermont-Ferrand (OPGC) for the monitoring of 
the surface volcanic activity of variable intensity. It can be deployed rapidly near an 
eruptive vent and target the near-source activity to measure in real-time the eruptive 
velocities and backscattered power and give information about the amount and rate of 
tephra emission. 

 
Fig. 4. (left): The transportable volcano Doppler radar VOLDORAD 2 deployed at Arenal. 
The PC and radar in the car trunk are connected to the antenna system via a switch box and 
fed by a small generator. Upper inset: Radar with PC for data storage and real-time 
monitoring and GPS receiver for time synchronization; lower inset: antenna (square array of 
Yagi) aiming at the summit to sound ash emissions. Photos: courtesy of S. Valade, OPGC 
(2009). 

Fig. 5. (right): Principles of near-vent soundings with VOLDORAD.  

The signal wavelength (23.5cm) was chosen (i) to sound the interior of dense lava jets and 
ash-laden plumes, as well as (ii) to avoid attenuation by hydrometeors because cloudy, 
foggy, rainy, or snowy conditions often occur at volcano summits. It also results from a 
compromise between transportability (weight, size), variable measurement distances (0.2-
12 km) imposed by field conditions, and the HF hardware facilities available at the OPGC.  
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Acquisition, reception and pre-processing units are mounted on a suspended frame inside a 
protective metal container (60 cm, 50 kg). A PC controls the radar acquisition, being 
synchronized to UTC time through a GPS or ethernet connexion, and is used for real-time 
visualization of Doppler spectra and data storage. The 23 elements’ square array antenna is 
mounted on a tripod adjustable for site and azimuth, and can be easily dismantled for 
transport. The 3 dB beam width is 9°, equivalent to site and azimuth resolutions of about 160 
m at 1 km. The 300 W power consumption is provided through a small electric generator or 
AC. Owing to its modularity and limited weight (~70 kg), the ensemble is easily 
transportable, fits in a 4WD vehicle, and can be set up quickly in a volcanic environment. 
This radar can thus be used for short-term scientific campaigns, as well as over the long 
term for monitoring purposes. 

A number of settings have been designed to be selectable to best adapt to the activity and 
the sounding conditions. The pulse duration is selectable from 0.4 to 1.5 s so that the range 
bin radial resolution can be chosen between 60 and 225 m according to the target 
dimensions and the type of information searched for. The pulse repetition frequency can be 
50, 100 or 200 s. The non ambiguous maximum range at a 100 microsecond repetition 
frequency is 12 km. The gain attenuation can be varied by 50 dB through 10 dB steps to best 
adapt to the eruption intensity. The format of the data stored on the PC hard disk can be 
chosen in order to adjust the space memory consumption to the duration of the record 
campaign: either the time series of the raw digitized signal can be recorded, i.e. after 
coherent integrations in the time-domain, or alternatively only the spectra are saved, i.e. 
after integrations in the frequency domain. 

4.2 Echoing mechanism 

A powerful short radio frequency pulse (duration ) is periodically transmitted into the 
atmosphere through a switch and a directive antenna which concentrates the energy in a 
narrow beam. Just after the pulse transmission, the switch connects the antenna to a radio 
frequency receiver. If targets are located in the antenna beam, part of the pulse energy is 
backscattered toward the antenna. These radar echoes are fed via a switch to the receiver for 
amplification and filtering. At the receiver output, the electromagnetic signal is detected and 
converted into digital data which are then processed and recorded. 

Like in the case of atmospheric sounding, two main mechanisms give rise to radar echoes in 
the case of volcanic targets (Sauvageot, 1992; Doviak and Zrnic', 1993; Dubosclard et al., 
1999): (i) Rayleigh (D < /4 ) or Mie scattering (D  /4) from distributed targets, and (ii) 
Bragg scattering from spatial irregularities of the refractive index induced by turbulent 
eddies inside the hot jet, and supposedly of secondary importance in the volcanic case 
because of the large reflectivity of tephra. In addition to the distance of the sounded 
volumes, the radar reflectivity () is deduced from the intensity of the echo signal by using 
the radar equation: 

 2r rP C
r


  (1) 

where Pr is the echo power measured by the radar receiver and Cr a constant including the 
radar parameters such as transmitted power, pulse duration, wavelength, antenna 
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where Pr is the echo power measured by the radar receiver and Cr a constant including the 
radar parameters such as transmitted power, pulse duration, wavelength, antenna 
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characteristics, gain or half power beamwidth. In the simplest case of  Rayleigh scattering (D 
< /4),  is expressed as: 

 ZK 2
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where K is the complex dielectric constant of the targets ( 2K =0.39 for ash (Adams et al., 
1996; Oguchi et al., 2009; Rogers et al., 2011) and Z the radar reflectivity factor. For spherical 
targets, Z is given by: 
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where N(D)dD is the number of targets per unit volume whose diameters are between D 
and D+dD. Z is generally expressed in dBZ units, defined by:  

 6 -3(dBZ) 10 (mm .m )Z Log Z     (4) 

For Mie scattering (D  /4), one generally uses the so-called equivalent radar reflectivity 
factor  (Doviak and Zrnic', 1993), which is defined as the radar reflectivity factor of a small 
particle population satisfying the Rayleigh approximation and that would return the same 
received power. Interestingly, Z characterizes only the target and holds information on the 
number and size of particles, and thus on the particle concentration. The reflectivity factor 
obtained from radar measurements is usually calibrated using the dielectric factor of liquid 
water (0.93) and must be corrected for volcanic ash as the dielectric factor of the latter is 
lower (0.39):  
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Finally, the radial velocity (Vr) of the target is calculated from the frequency shift between 
the transmitted and received signals. The velocity component along the antenna line of sight 
(toward or away from the radar) causes the returned frequency fr to be different from the 
transmitted frequency ft (Doppler effect), and is proportional to the Doppler shift fd: 
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Note that a negative Doppler shift (fr < ft) corresponds to a target with a radial component of 
motion away from the antenna (positive radial velocity) and vice versa. Furthermore, if the 
velocity vector is normal to the antenna direction, the Doppler shift is zero. In volcanic 
soundings, the antenna beam can be set either to point upward, e.g. from the volcano slope 
toward the summit, or downward, for instance aiming toward the eruptive vent from the 
crater rim. In these cases, contributions of rising and falling particles to the spectra are 
reversed (Fig. 6). 
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Fig. 6. Volcanic particle contributions to Doppler spectra in different sounding conditions. 
(a) When the antenna points upward (e.g. at summit craters from the flanks), ascending 
volcanic particles in red induce echoes with an along-beam velocity component away from 
the radar (positive radial velocity range, right part of spectrum), whereas falling particles in 
blue induce radial velocities toward the radar (negative radial velocity range, left part of 
spectrum). (b) The contributions are reversed when the antenna beam points downward 
(e.g. down towards a crater from the rim). 

For a given range gate and for each component of the complex raw signals, Nc successive 
digitized samples (coherent integrations) are added together and then averaged in the time 
domain. This integration process acts as a low-pass filter reducing the high frequency noise 
and improving the signal-to-noise ratio. In order to avoid aliasing, the value of Nc must be 
adapted to expected maximum eruption velocities, in such a way that the Nyquist frequency 
fN is higher that any Doppler frequency: 
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where Tr is the pulse repetition period of the radar. From (6) and (7) it results that the 
maximum radial velocity which can be measured without ambiguity is given by: 
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After Nc pulses have been integrated, the coherent integration stage is repeated until a 
sequence of 64 integrated complex data is obtained. For each range gate, the 64 coherently 
integrated complex data are used as a time series input to a FFT (Fast Fourier Transform) 
algorithm in order to obtain the power spectrum of the radar echo. The frequency resolution 
(frequency interval between two consecutive spectral lines) is given by: 
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Therefore, the corresponding velocity resolution is: 
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A mean spectrum can be finally calculated from the averaging in the frequency domain of 
several consecutive spectra (incoherent integrations) to reduce the noise fluctuations in the 
resulting Doppler spectra and improve the detection of the spectral line(s) corresponding to 
the volcanic echoes. 

5. Insight into the dynamics of Strombolian activity 
In addition to measuring eruptive parameters near the emission source, the main 
advantage of portable Doppler radars with respect to weather radars resides in the fact 
that they can be set up close to an eruptive vent and target just one direction at the base of 
the volcanic flow to retrieve near-source parameters. They are thus able to monitor 
phenomena of limited spatial dimensions with better spatial resolution and higher 
acquisition rate. In this respect, they are particularly useful for studying Strombolian 
activity and small scale ash plumes, generally invisible to remote weather radars and 
satellites. Although VOLDORAD can also be used to monitor strong ash-laden plumes, 
given its wavelength, examples of records on such types of activity are provided 
respectively in this section and the next. 

5.1 Information retrieved from the shape of Doppler spectra 

5.1.1 Ejecta dispersion 

Given the relatively low amount of ash produced during typical Strombolian activity, the 
echo power is mostly controlled by large blocks that mostly follow ballistic trajectories. An 
illustration of the strong control of the ejecta’s spatial distribution on the shape of Doppler 
spectra is the discrimination between lava bubble outbursts and lava jets (Fig. 7). When the 
magma column is high in the conduit, large gas bubbles may deform the lava surface to 
form lava bubbles several tens of meters in diameter, whose outburst disrupts the 
surrounding lava film and produces the hemispherical ejection of big lava lumps 
(decimetric to metric) seen above the crater rim (Fig. 7a). Contrastingly, in the vast majority 
of events, gas slug explosions occur within the conduit and produce oriented jets of gas and 
more fragmented lava, generally vertical, that can be captured by the radar beam when (if) 
pyroclasts go beyond the crater rim (Fig. 7c). Velocity and mass load angular distributions of 
pyroclasts are, as expected, more uniform for hemispherical lava bubbles that can burst at 
the free surface and more Gaussian-shaped for lava jets that are subjected to conduit wall 
friction (Fig. 8). In the case of hemispheric lava bubbles, the uniform mass load and velocity 
distribution of pyroclasts over the range of ejection angles produce an equal echo power 
over the range of radial velocities, leading to top-hat shaped spectra (Fig. 7b). In the case of 
lava jets, the power spectral distribution results from the competing effects of particle 
velocities and the distribution of ejection angles. As shown in figure 8b, measured 
maximum radial velocities do not result from particles with the highest velocities in the jet 
axis, nor from those having the most radial trajectories, but from particles ejected at about 
20° to the jet axis (when vertical). Therefore Doppler spectra commonly appear rather 
triangular when shown in dB (Fig. 7d). Gouhier & Donnadieu (2010) found that, for most 
Strombolians explosions at Etna, 80% of the tephra mass is ejected within a dispersion cone 
of about 40°. 
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Fig. 7. Shapes of Doppler spectra associated with Strombolian activity. Outburst of a 
hemispherical lava bubble (a) and associated top-hat Doppler spectrum (b) at Etna’s SE 
Crater (04/07/2001, 21:43’06). (c) Vertical lava jet at Laghetto (29/07/2001, 21:20’56) and the 
recorded triangular spectrum (d) (power in dBW vs. radial velocity in m/s). 

 
Fig. 8. Ejecta angular distributions (top) for lava bubbles (a), vertical jets (b) and inclined jets 
(c) and associated characteristics of Doppler spectra in red (bottom). (a): similar to Fig. 7a & 
7b; (b): similar to Fig. 7c & 7d; (c): case of a jet inclined toward the radar. 

All intermediary types of pyroclast ejection may exist, including lava jets with low 
directivity, leading to varied spectrum shapes. The latter can be further complicated by 
other factors related to the lava state in the conduit and crater, or to gas slug characteristics 
(overpressure, length) that may enhance fragmentation and produce more fine particles 
more closely coupled to the gas dynamics. 

5.1.2 Inclination of lava jets 

Strombolian activity is often imagined as an axi-symmetric dispersion of ejecta around the 
vertical, but departures are frequently observed from one explosion to another, and ejection 
in a preferential direction may even persist if conduit conditions are favorable. Relative 
variations of the ejecta dispersion axis from the vertical, i.e. the inclination of lava jets or 
lava bubble outburst, can be tracked from the mode of the radial velocities, i.e. the velocity 
associated with the maximum power in the main range gate (Fig. 8b,c). The velocity mode is 
shifted toward the maximum negative radial velocities (aiming upward) when the lava jet 
has an inclination component toward the radar (Fig. 8c) and vice versa. The power 
distribution in contiguous gates also puts constraints on the ejection geometry and 
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Fig. 7. Shapes of Doppler spectra associated with Strombolian activity. Outburst of a 
hemispherical lava bubble (a) and associated top-hat Doppler spectrum (b) at Etna’s SE 
Crater (04/07/2001, 21:43’06). (c) Vertical lava jet at Laghetto (29/07/2001, 21:20’56) and the 
recorded triangular spectrum (d) (power in dBW vs. radial velocity in m/s). 

 
Fig. 8. Ejecta angular distributions (top) for lava bubbles (a), vertical jets (b) and inclined jets 
(c) and associated characteristics of Doppler spectra in red (bottom). (a): similar to Fig. 7a & 
7b; (b): similar to Fig. 7c & 7d; (c): case of a jet inclined toward the radar. 

All intermediary types of pyroclast ejection may exist, including lava jets with low 
directivity, leading to varied spectrum shapes. The latter can be further complicated by 
other factors related to the lava state in the conduit and crater, or to gas slug characteristics 
(overpressure, length) that may enhance fragmentation and produce more fine particles 
more closely coupled to the gas dynamics. 

5.1.2 Inclination of lava jets 

Strombolian activity is often imagined as an axi-symmetric dispersion of ejecta around the 
vertical, but departures are frequently observed from one explosion to another, and ejection 
in a preferential direction may even persist if conduit conditions are favorable. Relative 
variations of the ejecta dispersion axis from the vertical, i.e. the inclination of lava jets or 
lava bubble outburst, can be tracked from the mode of the radial velocities, i.e. the velocity 
associated with the maximum power in the main range gate (Fig. 8b,c). The velocity mode is 
shifted toward the maximum negative radial velocities (aiming upward) when the lava jet 
has an inclination component toward the radar (Fig. 8c) and vice versa. The power 
distribution in contiguous gates also puts constraints on the ejection geometry and 



Doppler Radar Observations –  
Weather Radar, Wind Profiler, Ionospheric Radar, and Other Advanced Applications 

 

426 

velocities. In figure 9, for instance, ejecta emitted below the 840 m range bin do not reach the 
600 m range bin, falling ejecta reaching the 720 m and 960 m bins where the negative parts 
of the spectra look alike. The absolute inclination angle cannot be retrieved directly firstly 
because velocities and power distribution vary strongly between explosions and also only 
the inclination angular component in the beam’s vertical plane can be retrieved. Gerst et al. 
(2008) solved this problem by using simultaneously 3 FM-CW radars to calculate the 
directivity of Strombolian eruptions and reconstruct time series of the 3-D directivity vector 
every second. Another solution is to best match the power spectral distribution in the 
different range gates (e.g., Fig. 9) from ballistic models and Mie scattering theory (Gouhier & 
Donnadieu, 2010). 

 
Fig. 9. Doppler spectra recorded in 4 range bins during lava jet activity at Etna. For each gate 
the raw signals (left) and spectra (right) seen in real-time are shown. The spatial distribution 
of the power spectral density in the 840 m range gate above the eruptive crater and in 
contiguous range gates (720 and 960 m) gives information about the dynamics of the lava 
jets (Laghetto cone, 29/07/2001). 

5.2 Information from spectral moments 

5.2.1 Mean diameter 

Dubosclard et al. (2004) have shown that, in the case of Strombolian activity, the negative 
power spectral density (when aiming upward) of the range gates above the vent is mostly 
associated with falling particles. Therefore, the mean negative radial velocity weighted by 
the power spectral density has been used to retrieve the average particle diameter in the jet, 
commonly found to be between 1 and a few cm in diameter. Importantly, Gouhier & 
Donnadieu (2008) pointed out that the radar-equivalent mean diameter retrieved from 
Doppler spectra differs significantly from the true mode of the particle size distribution 
which, indeed, corresponds to the most frequent diameter encountered. Thus the radar-
equivalent mean diameter cannot be used directly as the true modal diameter. In the gas 
thrust region of volcanic jets, the power spectrum is very wide, unlike in radar meteorology, 
and the physical interpretation of the radar-equivalent mean diameter is complex. Because 
the offset factor depends upon the reflectivity at a given radar wavelength, itself dependent 
on the number and diameter of particles which vary over a wide range, the conversion 
requires the Mie scattering formulation.  
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5.2.2 Eruptive velocities 

Initial velocities are of great interest because they control the height reached by the 
pyroclasts and are related to the gas overpressure. In measuring particle velocities 
continuously and at high rate, Doppler radars potentially hold information on these 
parameters and on the detailed kinetics of the jets. Although the variations of measured 
radial velocities closely reflect the kinetics of the volcanic jet, retrieving absolute initial 
particle velocities from measured maximum radial velocities is not straightforward, in 
general, because (i) the latter are associated with oblique trajectories, as illustrated in figure 
8b-c, (ii) the distance between the range gate’s lower boundary and the emission source 
must be taken into account; it also controls which particle size induces the measured 
maximum velocities (Gouhier & Donnadieu, 2011). In order to confidently retrieve initial 
(at-vent) velocities, eruption models with suitable laws are needed, along with accurate 
knowledge of the sounding geometry and crater configuration. Velocity calibration can be 
further supported by an analysis of video-derived velocities. By sounding the volcanic 
emission near their source, it turns out often that maximum radial velocities, commonly in 
the range of a few tens to 160 m/s are not very different from eruptive velocities during 
Strombolian activity at Etna for example. Gouhier & Donnadieu (2011) analyzed 247 
Strombolian explosions during the paroxysmal phase of the July 4 2001 eruptive episode of 
Etna’s SE crater and found time-averaged values of 95 ±24 m/s for initial particle velocities, 
37.6 ±1.9 m/s for the bulk jet velocity, and 118 ±36 m/s for the initial gas velocity. Note that 
the initial gas velocity is highly dependent upon the chosen model law, as the gas velocity 
decrease with height is exponential and more quantitative observations are needed, using 
complementary techniques like high-rate thermal infrared imagery. 

5.2.3 Detailed dynamics at short time scales 

Much can be learned from the analysis of time series of echo power and velocities on the 
eruption dynamics at various time scales, ranging from a single explosion through to an 
entire eruptive episode, to a series of eruptions. Figure 10 shows such time series for a 
Strombolian explosion at Yasur volcano, Vanuatu, similar to that shown in figure 11.  

The maximum along-beam velocities associated with rising ejecta show a very sharp 
increase up to a peak near 120 m/s within 0.21 s, attesting to initial accelerations of over 560 
m/s2 (i.e. 57 g). Measured velocities then regularly decrease for 6-7 s, then reach a plateau at 
20-30 m/s with sparse, short fluctuations up to 50 m/s. Interestingly, during the strong 
velocity phase, ample fluctuations associated with short power increases can be seen 
pulsating every 1.5 s, suggesting rapid variations in the discharge rate. This could be 
caused either by the successive explosions of trains of closely packed gas bubbles rather 
than a single large slug, or by flow oscillations related to the high speed motion of a 
compressible fluid and conduit irregularities. The sharp onset in echo power in the 344 m 
range gate for both P- and P+ shows that rising particles with motion components both 
toward and away from the antenna (pointing downward) contribute to the signal. The 
former are dominant as the bulk flow is vertically directed. The first break in slope is likely 
associated with ejecta leaving the gate through its upper boundary. P- then gently increases 
up to its peak amplitude nearly 3 s later, as more pyroclasts fill up the probed volume. 
About 6 s after the onset, P+ becomes dominant whereas P- starts to decrease, indicating the 
contribution from block fallout. Comparing with figure 11, it can be inferred that most of the 
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Dubosclard et al. (2004) have shown that, in the case of Strombolian activity, the negative 
power spectral density (when aiming upward) of the range gates above the vent is mostly 
associated with falling particles. Therefore, the mean negative radial velocity weighted by 
the power spectral density has been used to retrieve the average particle diameter in the jet, 
commonly found to be between 1 and a few cm in diameter. Importantly, Gouhier & 
Donnadieu (2008) pointed out that the radar-equivalent mean diameter retrieved from 
Doppler spectra differs significantly from the true mode of the particle size distribution 
which, indeed, corresponds to the most frequent diameter encountered. Thus the radar-
equivalent mean diameter cannot be used directly as the true modal diameter. In the gas 
thrust region of volcanic jets, the power spectrum is very wide, unlike in radar meteorology, 
and the physical interpretation of the radar-equivalent mean diameter is complex. Because 
the offset factor depends upon the reflectivity at a given radar wavelength, itself dependent 
on the number and diameter of particles which vary over a wide range, the conversion 
requires the Mie scattering formulation.  

Volcanological Applications of Doppler Radars:  
A Review and Examples from a Transportable Pulse Radar in L-Band 

 

427 

5.2.2 Eruptive velocities 

Initial velocities are of great interest because they control the height reached by the 
pyroclasts and are related to the gas overpressure. In measuring particle velocities 
continuously and at high rate, Doppler radars potentially hold information on these 
parameters and on the detailed kinetics of the jets. Although the variations of measured 
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eruption dynamics at various time scales, ranging from a single explosion through to an 
entire eruptive episode, to a series of eruptions. Figure 10 shows such time series for a 
Strombolian explosion at Yasur volcano, Vanuatu, similar to that shown in figure 11.  

The maximum along-beam velocities associated with rising ejecta show a very sharp 
increase up to a peak near 120 m/s within 0.21 s, attesting to initial accelerations of over 560 
m/s2 (i.e. 57 g). Measured velocities then regularly decrease for 6-7 s, then reach a plateau at 
20-30 m/s with sparse, short fluctuations up to 50 m/s. Interestingly, during the strong 
velocity phase, ample fluctuations associated with short power increases can be seen 
pulsating every 1.5 s, suggesting rapid variations in the discharge rate. This could be 
caused either by the successive explosions of trains of closely packed gas bubbles rather 
than a single large slug, or by flow oscillations related to the high speed motion of a 
compressible fluid and conduit irregularities. The sharp onset in echo power in the 344 m 
range gate for both P- and P+ shows that rising particles with motion components both 
toward and away from the antenna (pointing downward) contribute to the signal. The 
former are dominant as the bulk flow is vertically directed. The first break in slope is likely 
associated with ejecta leaving the gate through its upper boundary. P- then gently increases 
up to its peak amplitude nearly 3 s later, as more pyroclasts fill up the probed volume. 
About 6 s after the onset, P+ becomes dominant whereas P- starts to decrease, indicating the 
contribution from block fallout. Comparing with figure 11, it can be inferred that most of the 
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explosion momentum occurs during the first 6-7 s and corresponds to the main discharge of 
large ballistic blocks and dense lapilli- and ash-laden plume, with an initial maximum 
followed by a rapid decrease. The following phase, with lower velocities and echo power, 
results from the final emptying of the gas slug tail causing the relatively milder release of 
gas and finely fragmented ash at lower concentrations. 

 
Fig. 10. (left): Time series of power (top) and maximum radial velocities (bottom) of a 
Strombolian outburst recorded by VOLDORAD aiming downward into Yasur’s southern 
crater on 27/09/2008. Data are smoothed with 3 incoherent integrations (0.21 s). 

Fig. 11. (right): Strombolian explosion at southern crater of Yasur volcano, Vanuatu. 
Incandescent pluridecimetric lava blocks resulting from the magma surface disruption by 
the pressurized gas slug are visible ahead of the ash plume (about a hundred meters high) 
generated by the magma fragmentation during gas pressure release. Photo courtesy: A. 
Finizola (2008). 

5.2.4 Tephra mass loading 

Gouhier & Donnadieu (2008) presented a method to estimate the particle loading 
parameters (mass, number, volume) of eruptive jets from the inversion of the echo power. 
The inversion algorithm uses the complete Mie (1908) formulation of electromagnetic 
scattering by spherical particles to generate synthetic backscattered power values. Assuming 
a log-normal shape for the particle size distribution, they estimated the total mass of tephra 
emitted during Strombolian explosions at Etna at around 58 and 206 tons for low and high 
concentration lava jets respectively. Derived parameters such as mass flux, particle kinetic 
and thermal energy, and particle concentration can also be estimated. As for particle 
concentrations, they must be regarded as minima in the case of small scale phenomena 
(relative to the range gate dimensions) like lava jets, because they are spatially highly 
heterogenous and might not completely fill the sounded volume. More reliable 
concentration values could be obtained when several range gates are filled completely, such 
as one expects from large ash plumes. For instantaneous events like Strombolian explosions, 
a total mass can be calculated from the echo power maximum amplitude assuming that all 
particles are present in the beam at the instant of the peak power. The instantaneous mass 
flux that can be derived in this way differs, however, from the initial mass flux as the power 
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peak does not occur at the signal onset (Fig. 10). The initial mass flux can be estimated from 
the mass corresponding to the first break in slope of the power curve (cf. 5.2.3.) divided by 
the time difference between the break in slope and the onset. 

The particle size distribution being the main unknown, the tephra mass can be computed as 
a function of diameter for different reflectivity factors (Z). As seen from the curve shape in 
figure 12a, the uncertainty on mass is much less for lapilli and blocks than for ash at 
VOLDORAD’s wavelength. This is also demonstrated in figure 12b: for a given tephra 
volume, Z is much lower for small particles and increases linearly with diameter (in log-log 
plot), up to particle diameters approaching a quarter of the wavelength (5.9 cm, end of the 
Rayleigh domain), and beyond this value fluctuates in a lower range. The curve in figure 12a 
corresponds to the value of Z calculated from the power peak amplitude of figure 10. It can 
be used to infer a minimum tephra mass of several tons for the high momentum first phase, 
reasonably assuming an average diameter for ballistic blocks of more than 4 cm. This leads 
to an initial mass flux of ≥10 tons/s for a period of low activity at Yasur, consistent with 
values of 26-74 tons/s found by Gouhier & Donnadieu (2008) for larger Strombolian 
outbursts at Etna.  

 
Fig. 12. (a) Tephra mass associated with a given reflectivity factor (Z), as a function of 
diameter. The curve shown corresponds to the value of Z calculated for the eruption of 
Yasur volcano in Fig.10. (b) Radar reflectivity factor associated with a tephra volume of 1 
m3, as function of diameter, calculated with sounding conditions at Arenal volcano. 

For sustained tephra emissions, like ash plumes, the mass flux evolution could be tracked 
through an integration of the mass of rising particles over time. This is not straightforward, 
however, because (i) falling particles should be removed, (ii) the particle size distribution 
must be assumed to be constant with time, and (iii) the integration timestep is not the data 
acquisition rate that would otherwise cause redundance but is instead related to the average 
transit time of rising particles through the considered range gates, and (iv) all tephra are not 
ascending at the same velocity because of their wide range of sizes, and therefore they have 
different transit times, (v) the particle transit time will vary with time according to velocity 
variations (e.g. short-lived events). One method to retrieve the time variations of mass flux 
could be, at first order, to use the P+/P- ratio to find the proportion of rising particles and 
integrate the power-derived mass curve using as a timestep the range gate dimension along 
the flow direction divided by the bulk (power-weighted) flow velocity. 
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5.2.5 Gas flux estimates 

Although maximum velocities measured by the radar result from particles, initial gas 
velocities can be estimated at first order using the corrections seen in section 5.2.2. and 
adequate model laws for the coupling of gas and particle velocities and gas velocity 
decrease with height. The volume and mass gas fluxes Qg can also be estimated from the 
initial gas velocity (V0g) and vent section, the radius (r) of which can be observed in the field 
or inferred from modeling of acoustic signals:  

 2
0

g g
volQ r V   (11) 

 g gg
mass volQ Q   (12) 

where g is the gas density at the considered atmospheric pressure (elevation) and 
temperature; water vapor being the ultra-dominant species, its density can be used for g. 
Note that gas fluxes evolve similarly to the maximum radial velocities and therefore have a 
large peak at the explosion onset followed by a rapid decrease in a matter of seconds. 
Averaging over the duration of the emission for a large number of Strombolian explosions, 
Gouhier & Donnadieu (2011) found volume and mass gas fluxes of 3-11×103 m3/s and 0.5-2 
ton/s during the paroxysmal stage of a Strombolian eruptive episode of the SE crater at 
Etna. Radar-derived gas flux estimates at the source can then be compared with fluxes 
inferred from other ground-based techniques, like combined OP-FTIR gas spectroscopy and 
SO2 flux measurements by DOAS, or ground-based thermal imagery. 

6. Investigations of ash plumes with VOLDORAD 
There is a continuum in the types of activity between Strombolian explosions seen 
previously and ash plumes. Ash plumes display a variety of behaviours depending on 
whether they are short-lived or sustained (steady state or not), whether they are jet plumes 
or buoyant plumes according to their momentum (mass loading, particle size distribution, 
fluxes), and also depending on environmental conditions including crosswind, elevation of 
the emission point, humidity and atmospheric temperature profiles, among the main ones. 
As an example, figure 13 shows three ash plumes with varying ash concentration and 
momentum, and also differently affected by the wind advection. 

 
Fig. 13. Examples of various ash plumes at Arenal and Popocatépetl volcanoes. (a): low 
concentration buoyant plume bent over by wind advection at Arenal. (b): vertical jet plume, 
a few hundreds of meters in height, on same day (May 23, 2005). (c): dense ash plume of 
Popocatépetl buoyantly rising to about 2 km in height and drifting to the North on July 28 
2007. Photos courtesy: Hotel Kioro Arenal and CENAPRED. 
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Ash is the major tephra component and is the main source of the ensuing hazards to 
humans, infrastructures and aviation, as shown by the 2010 eruption of Eyjafjallajökull in 
Iceland. This is because fine ash can remain in the atmosphere for hours to days, forming an 
ash cloud in the distal part. Although termed an ash plume, the proximal part does not 
comprise only ash, especially in the gas thrust and convective regions sounded by 
VOLDORAD. Below, examples are described which give insight into the ash plume 
dynamics close to the source. 

6.1 Discriminating ballistics and ash 

Tephra emissions are commonly explosive, having initial excess momentum compared with 
purely buoyant plumes. Therefore the explosive emission driven by the expansion of 
overpressured gas propels ash, lapilli and blocks in the air. Ash-sized particles closely 
follow the turbulent gas regime whereas inertial blocks mainly follow ballistic trajectories. 
So both are strongly decoupled, although a continuum of dynamic behaviors occurs in 
between for intermediary particle sizes. Because the spatiotemporal distribution of their 
velocity field and mass loading are contrasted, the dynamics of ballistics and ash can be 
discriminated when radar targeting the gas thrust region of the volcanic jet. Figure 14 
illustrates  the distinctive Doppler signatures for a jet plume at Arenal volcano similar to 
that shown in figure 13b and recorded with the beam aiming upward (27°) toward the 
summit. Although not obvious from the analysis of the time sequence of Doppler spectra the 
discrimination becomes particularly conspicuous on velocigrams. The velocigrams represent 
the power spectral density (dB color scale) as a function of radial velocities (y-axis) and time 
(x-axis) in 5 contiguous 120 m-wide range bins from 2367 to 2847 m. The 2607 m range bin, 
located above the vent, first records the jet plume onset. A 3-D representation of the 
velocigram at 2607 m is shown in the inset (cf. also book cover image). The ballistics are 
characterized by a short-lived signal (10-15 s) rapidly transiting through the gates. Range 
gates above the vent show positive radial velocities shifting to negative in a matter of 
seconds, as a result of the progressive bending of the ballistic trajectories through the  
radar beam.  

Contrastingly, blocks only enter range gates located down-beam with negative radial 
velocities. So the time evolution of the spectral shape of this signal holds information about 
the ejection geometry (height, angles, orientation) and mass load spatial distribution, in 
addition to source parameters retrieved in section 5. Single streaks from individual blocks 
are sometimes visible on the velocigrams, and power-derived sizes are often decimetric. 
Considering lapilli to block sizes ranging between 0.04-1 m, Valade & Donnadieu (2011) 
found a mass of ballistics in the range 0.5–7 tons, i.e. a dense rock equivalent volume of 0.2-
2.8 m3, for a similar event at Arenal. The second signal characterizes the ash plume, with 
lower backscattered power (by 10-20 dB), longer duration (>1 mn), slower transit through 
the gates, and with only negative velocities because the wind pushes the ash toward the 
radar. Interestingly, these characteristic maximum radial velocities may be used to constrain 
the effect of the wind and the buoyant ascent velocity. Although clearly smaller than for 
ballistics, the particle size distribution in the ash plume is poorly constrained, and so is the 
ash mass. Also, the longer duration and wider spatial coverage of the ash cloud requires 
spatial and temporal integration to obtain the total mass, which is nevertheless presumably 
greater than the mass of ballistics.  
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5.2.5 Gas flux estimates 

Although maximum velocities measured by the radar result from particles, initial gas 
velocities can be estimated at first order using the corrections seen in section 5.2.2. and 
adequate model laws for the coupling of gas and particle velocities and gas velocity 
decrease with height. The volume and mass gas fluxes Qg can also be estimated from the 
initial gas velocity (V0g) and vent section, the radius (r) of which can be observed in the field 
or inferred from modeling of acoustic signals:  
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where g is the gas density at the considered atmospheric pressure (elevation) and 
temperature; water vapor being the ultra-dominant species, its density can be used for g. 
Note that gas fluxes evolve similarly to the maximum radial velocities and therefore have a 
large peak at the explosion onset followed by a rapid decrease in a matter of seconds. 
Averaging over the duration of the emission for a large number of Strombolian explosions, 
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ton/s during the paroxysmal stage of a Strombolian eruptive episode of the SE crater at 
Etna. Radar-derived gas flux estimates at the source can then be compared with fluxes 
inferred from other ground-based techniques, like combined OP-FTIR gas spectroscopy and 
SO2 flux measurements by DOAS, or ground-based thermal imagery. 

6. Investigations of ash plumes with VOLDORAD 
There is a continuum in the types of activity between Strombolian explosions seen 
previously and ash plumes. Ash plumes display a variety of behaviours depending on 
whether they are short-lived or sustained (steady state or not), whether they are jet plumes 
or buoyant plumes according to their momentum (mass loading, particle size distribution, 
fluxes), and also depending on environmental conditions including crosswind, elevation of 
the emission point, humidity and atmospheric temperature profiles, among the main ones. 
As an example, figure 13 shows three ash plumes with varying ash concentration and 
momentum, and also differently affected by the wind advection. 

 
Fig. 13. Examples of various ash plumes at Arenal and Popocatépetl volcanoes. (a): low 
concentration buoyant plume bent over by wind advection at Arenal. (b): vertical jet plume, 
a few hundreds of meters in height, on same day (May 23, 2005). (c): dense ash plume of 
Popocatépetl buoyantly rising to about 2 km in height and drifting to the North on July 28 
2007. Photos courtesy: Hotel Kioro Arenal and CENAPRED. 

Volcanological Applications of Doppler Radars:  
A Review and Examples from a Transportable Pulse Radar in L-Band 

 

431 

Ash is the major tephra component and is the main source of the ensuing hazards to 
humans, infrastructures and aviation, as shown by the 2010 eruption of Eyjafjallajökull in 
Iceland. This is because fine ash can remain in the atmosphere for hours to days, forming an 
ash cloud in the distal part. Although termed an ash plume, the proximal part does not 
comprise only ash, especially in the gas thrust and convective regions sounded by 
VOLDORAD. Below, examples are described which give insight into the ash plume 
dynamics close to the source. 

6.1 Discriminating ballistics and ash 

Tephra emissions are commonly explosive, having initial excess momentum compared with 
purely buoyant plumes. Therefore the explosive emission driven by the expansion of 
overpressured gas propels ash, lapilli and blocks in the air. Ash-sized particles closely 
follow the turbulent gas regime whereas inertial blocks mainly follow ballistic trajectories. 
So both are strongly decoupled, although a continuum of dynamic behaviors occurs in 
between for intermediary particle sizes. Because the spatiotemporal distribution of their 
velocity field and mass loading are contrasted, the dynamics of ballistics and ash can be 
discriminated when radar targeting the gas thrust region of the volcanic jet. Figure 14 
illustrates  the distinctive Doppler signatures for a jet plume at Arenal volcano similar to 
that shown in figure 13b and recorded with the beam aiming upward (27°) toward the 
summit. Although not obvious from the analysis of the time sequence of Doppler spectra the 
discrimination becomes particularly conspicuous on velocigrams. The velocigrams represent 
the power spectral density (dB color scale) as a function of radial velocities (y-axis) and time 
(x-axis) in 5 contiguous 120 m-wide range bins from 2367 to 2847 m. The 2607 m range bin, 
located above the vent, first records the jet plume onset. A 3-D representation of the 
velocigram at 2607 m is shown in the inset (cf. also book cover image). The ballistics are 
characterized by a short-lived signal (10-15 s) rapidly transiting through the gates. Range 
gates above the vent show positive radial velocities shifting to negative in a matter of 
seconds, as a result of the progressive bending of the ballistic trajectories through the  
radar beam.  

Contrastingly, blocks only enter range gates located down-beam with negative radial 
velocities. So the time evolution of the spectral shape of this signal holds information about 
the ejection geometry (height, angles, orientation) and mass load spatial distribution, in 
addition to source parameters retrieved in section 5. Single streaks from individual blocks 
are sometimes visible on the velocigrams, and power-derived sizes are often decimetric. 
Considering lapilli to block sizes ranging between 0.04-1 m, Valade & Donnadieu (2011) 
found a mass of ballistics in the range 0.5–7 tons, i.e. a dense rock equivalent volume of 0.2-
2.8 m3, for a similar event at Arenal. The second signal characterizes the ash plume, with 
lower backscattered power (by 10-20 dB), longer duration (>1 mn), slower transit through 
the gates, and with only negative velocities because the wind pushes the ash toward the 
radar. Interestingly, these characteristic maximum radial velocities may be used to constrain 
the effect of the wind and the buoyant ascent velocity. Although clearly smaller than for 
ballistics, the particle size distribution in the ash plume is poorly constrained, and so is the 
ash mass. Also, the longer duration and wider spatial coverage of the ash cloud requires 
spatial and temporal integration to obtain the total mass, which is nevertheless presumably 
greater than the mass of ballistics.  
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Fig. 14. Distinctive Doppler signatures of ballistics and ash dynamics for a jet plume at 
Arenal volcano (18/02/2004 at 18:47 U.T.). Top: velocigrams of 5 contiguous range bins. 
Inset: 3-D velocigrams of the 2607 m range bin above the vent. Bottom: Doppler spectra at 
2607 m, showing power spectral density (dB arbitrary units) versus radial velocity (-60 to + 
60 m/s); central peaks with constant power value are non filtered ground echoes. 
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6.2 Ash plume dynamics 

The onset impulsivity of the same jet plume is nicely displayed on the time series of figure 
15a, showing a sharp onset in maximum radial velocities, rapidly peaking over 80 m/s and 
then decreasing exponentially over about 10 seconds. The power maximum amplitude is 
also at the onset, indicating a mass flux maximum at the beginning, and P+ decreases 
rapidly after a few seconds and then more gently after about 10 s from the onset. The 
contribution of falling ballistics keeps P- high for a longer time. The 10 second phase of 
strong velocities and echo power corresponds to the initial mushroom-like ash plume head 
heavily charged with large blocks which dominate the signal. After this phase, radial 
velocities remain steady and low (10-20 m/s) and the power decreases more gently. The 
ballistics might therefore come from the disruption of the solidified lava plug by the gas 
overpressure accumulated underneath. This would clear the vent or fracture and open a 
way to a milder sustained gas release remobilizing variable quantities of ash and possibly 
fragmenting the lava to form juvenile ash. 

Not all tephra emissions are impulsive at Arenal, and there are a wide variety of eruptive 
behaviors (Mora et al., 2009; Valade et al., 2012). Some emissions comprise mainly ash and 
are sustained typically for a minute or so (Fig. 15b). In contrast to the impulsive signal of jet 
plumes (Fig. 15a), the peak in echo power comes about 10 s after the onset. The second 
striking feature is the large oscillations correlated between P+ and P-, and having a 
remarkable periodicity of about 3 s. This indicates pulsations in the amount of material 
emitted, suggesting a staccato pressure release (Donnadieu et al., 2008). This observation 
supports the clarinet model of Lesage et al. (2006) for the volcanic tremor at Arenal, in which 
intermittent gas flow through fractures produces repetitive pressure pulses. The repeat 
period of the pulses is stabilized by a feedback mechanism associated with standing or 
traveling seismic waves in the magmatic conduit. Moreover, these rhythmic variations 
might well be a common feature of persistently active volcanoes with intermediate lava 
composition. In eruptions of Santiaguito volcano, Guatemala, Scharff et al. (2012) also 
observed multiple explosive degassing pulses occurring at intervals of 3-5 s, with common 
velocities of 20-25 m/s.  

Figure 15c illustrates the signature of a larger ash plume of Popocatépetl, in Mexico, 
reaching a few kilometers above the volcano. Because its summit culminates at nearly 5450 
m a.s.l., even small ash plumes generate hazards to the aviation, to the surrounding 
infrastructures and airports and the 30 million inhabitants leaving within 100 km of the 
volcano in important cities like México and Puebla. Its crater is 600 by 800 m wide with a 
growing lava dome inside. The relatively low velocities (<35 m/s) measured at 5085 m, 
along with the velocity peak not reached immediately after the onset, suggest low excess 
momentum and a mainly buoyant uprise, like most ash plumes in 2007 at Popocatépetl. 
Note that, in the case of ash plumes, radial velocities might reflect plume velocities more 
closely because convection and turbulence create eddies entraining particles that would 
tend to generate echoes with radial velocities toward and away from the radar, with 
comparable amounts of echo power in the absence of wind. From the time lag of P- relative 
to P+, however, it can be inferred that wind was blowing with some component toward the 
radar, i.e. to the north. In addition the power backscattered in 3 range gates simultaneously 
reveals that the horizontal dimension of the plume at the beam level was 2-3 times the radial 
resolution, i.e. >300 m. The comparable level of echo power at 5085 m and 5235 m, along 
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6.2 Ash plume dynamics 
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ballistics might therefore come from the disruption of the solidified lava plug by the gas 
overpressure accumulated underneath. This would clear the vent or fracture and open a 
way to a milder sustained gas release remobilizing variable quantities of ash and possibly 
fragmenting the lava to form juvenile ash. 

Not all tephra emissions are impulsive at Arenal, and there are a wide variety of eruptive 
behaviors (Mora et al., 2009; Valade et al., 2012). Some emissions comprise mainly ash and 
are sustained typically for a minute or so (Fig. 15b). In contrast to the impulsive signal of jet 
plumes (Fig. 15a), the peak in echo power comes about 10 s after the onset. The second 
striking feature is the large oscillations correlated between P+ and P-, and having a 
remarkable periodicity of about 3 s. This indicates pulsations in the amount of material 
emitted, suggesting a staccato pressure release (Donnadieu et al., 2008). This observation 
supports the clarinet model of Lesage et al. (2006) for the volcanic tremor at Arenal, in which 
intermittent gas flow through fractures produces repetitive pressure pulses. The repeat 
period of the pulses is stabilized by a feedback mechanism associated with standing or 
traveling seismic waves in the magmatic conduit. Moreover, these rhythmic variations 
might well be a common feature of persistently active volcanoes with intermediate lava 
composition. In eruptions of Santiaguito volcano, Guatemala, Scharff et al. (2012) also 
observed multiple explosive degassing pulses occurring at intervals of 3-5 s, with common 
velocities of 20-25 m/s.  

Figure 15c illustrates the signature of a larger ash plume of Popocatépetl, in Mexico, 
reaching a few kilometers above the volcano. Because its summit culminates at nearly 5450 
m a.s.l., even small ash plumes generate hazards to the aviation, to the surrounding 
infrastructures and airports and the 30 million inhabitants leaving within 100 km of the 
volcano in important cities like México and Puebla. Its crater is 600 by 800 m wide with a 
growing lava dome inside. The relatively low velocities (<35 m/s) measured at 5085 m, 
along with the velocity peak not reached immediately after the onset, suggest low excess 
momentum and a mainly buoyant uprise, like most ash plumes in 2007 at Popocatépetl. 
Note that, in the case of ash plumes, radial velocities might reflect plume velocities more 
closely because convection and turbulence create eddies entraining particles that would 
tend to generate echoes with radial velocities toward and away from the radar, with 
comparable amounts of echo power in the absence of wind. From the time lag of P- relative 
to P+, however, it can be inferred that wind was blowing with some component toward the 
radar, i.e. to the north. In addition the power backscattered in 3 range gates simultaneously 
reveals that the horizontal dimension of the plume at the beam level was 2-3 times the radial 
resolution, i.e. >300 m. The comparable level of echo power at 5085 m and 5235 m, along 
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with the similar evolution of P+ at 5235 m and P- at 5085 m during the first seconds of the 
main emission indicate that the plume axis was near the boundary between these range 
gates, i.e. at a slant distance of 5160 m. This plus the fact that the main emission is shortly 
preceded by a weaker emission at 4935 m suggests that the ash plume originated from the 
northern part of the dome, closer to the radar.  

 
Fig. 15. Time series of echo power and velocities recorded by VOLDORAD (aiming upward) 
for (a) an impulsive jet plume (18/02/2004, 18:47) and (b) a sustained mild ash emission 
(11/02/2005, 15:07) at Arenal, and (c) a buoyantly rising ash plume at Popocatépetl 
(25/01/2007, 08:49). 

6.3 Transport speed of ash plumes 

The wind has a strong influence on ash plume dynamics, causing it to bend and, 
importantly for model-derived mass eruption rate estimates, be lower in height. When some 
wind component exists in the direction of the beam, radar echoes reflect the radial 
component of the drifting ash plume. As seen in figure 15b for a weak ash plume at Arenal, 
the near-source displacements of the plume can be tracked through echo onsets induced by 
ash entering successive probed volumes in the radar beam. When plotting the along-beam 
displacement versus time, a constant transport velocity is commonly reached within a few 
seconds of the initial ash emission (10.7 m/s along-beam in this case), as wind advection and 
buoyancy take over momentum. The departure of the first data point, i.e. the emission onset, 
from the general trend gives a relative indication of the slant distance of the vent to the 
radar. As shown by Donnadieu et al. (2011), the plume azimuth and uprise angles can 
further be constrained by comparing the amplitude decrease of the radar echoes as a function 
of distance from the source with results from a simple geometric plume model. This allows the 
three dimensional vector of the ash cloud transport speed to be reconstructed with an accuracy 
of a few percent. This method may have applications for determining pyroclasts fluxes, for 
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volcano monitoring, for the modeling of tephra dispersal, and for remote measurements of 
volcanic gas fluxes for which the plume transport speed is needed.  

7. Other applications of transportable radars 
Beyond their main use to measure near-source eruptive parameters, compact Doppler radars 
can be utilized for a number of other applications in volcano monitoring. The identification of 
erupting vents using range gating and the tracking of rockfalls are illustrated in this section; 
possible investigations on fallout are discussed in the concluding section.  

7.1 Discrimination of active vents 

The summit areas of active volcanoes have complex and evolving morphologies, often 
comprising multiple craters, themselves possibly nesting several vents, all potentially active 
simultaneously with various dynamics. The relatively good spatial resolution (tens of 
meters) of dedicated ground-based radars often allows the spatial discrimination of the 
surface activity and, in particular, the identification of the eruptive vents. This information 
is obviously very useful in volcano monitoring to locate the activity in real-time. Note that 
large wavelength signals, such as that used by VOLDORAD (L band) can penetrate through 
dense ash-laden plumes or lava fountains and give information on possible activity 
occurring in craters behind. 

 
Fig. 16. Spatial discrimination of active craters of Etna using range gating (VOLDORAD 2B). 
Simultaneous tephra emissions of Bocca Nuova and new SE Crater at Etna on July 9 2011 are 
discriminated using echoes in range gates at 3735 m and 3135 m respectively (Radar data: 
OPGC-INGV; Photo courtesy: Tom Pfeiffer, www.volcanodiscovery.com).  
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The wind has a strong influence on ash plume dynamics, causing it to bend and, 
importantly for model-derived mass eruption rate estimates, be lower in height. When some 
wind component exists in the direction of the beam, radar echoes reflect the radial 
component of the drifting ash plume. As seen in figure 15b for a weak ash plume at Arenal, 
the near-source displacements of the plume can be tracked through echo onsets induced by 
ash entering successive probed volumes in the radar beam. When plotting the along-beam 
displacement versus time, a constant transport velocity is commonly reached within a few 
seconds of the initial ash emission (10.7 m/s along-beam in this case), as wind advection and 
buoyancy take over momentum. The departure of the first data point, i.e. the emission onset, 
from the general trend gives a relative indication of the slant distance of the vent to the 
radar. As shown by Donnadieu et al. (2011), the plume azimuth and uprise angles can 
further be constrained by comparing the amplitude decrease of the radar echoes as a function 
of distance from the source with results from a simple geometric plume model. This allows the 
three dimensional vector of the ash cloud transport speed to be reconstructed with an accuracy 
of a few percent. This method may have applications for determining pyroclasts fluxes, for 
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volcano monitoring, for the modeling of tephra dispersal, and for remote measurements of 
volcanic gas fluxes for which the plume transport speed is needed.  

7. Other applications of transportable radars 
Beyond their main use to measure near-source eruptive parameters, compact Doppler radars 
can be utilized for a number of other applications in volcano monitoring. The identification of 
erupting vents using range gating and the tracking of rockfalls are illustrated in this section; 
possible investigations on fallout are discussed in the concluding section.  

7.1 Discrimination of active vents 
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comprising multiple craters, themselves possibly nesting several vents, all potentially active 
simultaneously with various dynamics. The relatively good spatial resolution (tens of 
meters) of dedicated ground-based radars often allows the spatial discrimination of the 
surface activity and, in particular, the identification of the eruptive vents. This information 
is obviously very useful in volcano monitoring to locate the activity in real-time. Note that 
large wavelength signals, such as that used by VOLDORAD (L band) can penetrate through 
dense ash-laden plumes or lava fountains and give information on possible activity 
occurring in craters behind. 

 
Fig. 16. Spatial discrimination of active craters of Etna using range gating (VOLDORAD 2B). 
Simultaneous tephra emissions of Bocca Nuova and new SE Crater at Etna on July 9 2011 are 
discriminated using echoes in range gates at 3735 m and 3135 m respectively (Radar data: 
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At Etna, a ground-based Doppler radar operated jointly by the INGV in Catania and the 
OPGC in Clermont-Ferrand has been continuously monitoring the tephra emissions of the 
summit craters since 2009 (Donnadieu et al., 2009a, 2012) from a shelter at La Montagnola, 
about 3 km to the south. Echoes are recorded in 11 range bins, 150 m deep and 9° wide in 
azimuth and elevation, defining a 1650 m-long truncated conical volume covering the 
summit craters. These were very active in 2010-2012, showing different eruptive styles, 
including short-lived ash plumes (e.g. new SE Crater April 8 2010; Bocca Nuova, August 25 
2010) and large ash columns several kilometers high sustained for several hours from lava 
fountains, such as the eruptive episodes of the new SE Crater in 2011 (Donnadieu, 2012; 
http://wwwobs.univ-bpclermont.fr/SO/televolc/voldorad/). 

Figure 16 presents records from VOLDORAD 2B of simultaneous activity of Bocca Nuova 
and new SE Crater during cloudy weather. Radar monitoring is not hampered by clouds 
that sometimes make visual observations impossible. As shown by the echo power curves 
from the range gates at 3135 m and 3735 m, the short-lived explosion forming a weak plume 
at Bocca Nuova can be discriminated from the strong and dense column fed from the lava 
fountain originating in the new SE Crater and sustained for about 1.5 h. While the former 
cause a power increase of only a few dB, the latter result in much more powerful echoes (> 
20 dB), with a progressive onset and more abrupt waning phase. Radial velocities in the 
convective ash and lapilli plume above the lava fountain commonly reach 30-40 m/s.  

7.2 Tracking of rock falls 

Not only the explosive activity can be monitored using transportable radars, but also lava 
flow or dome instabilities (Wadge et al., 2005; Hort el al., 2006). Viscous basaltic andesite 
lava flows continuously outpour from the summit of Arenal volcano and slowly flow on top 
of loose pyroclastic material down the steep and unstable upper slopes. Due to the joint 
actions of cooling and pushing by new lava, instabilities occur and generate repeated rock 
falls, sometimes evolving into small pyroclastic flows. While monitoring the ash emissions 
with VOLDORAD 2 from the west between January 26 and March 4 2009, signals from very 
frequent rock falls could be recorded in several range gates because their lowest part hit the 
volcano’s upper slopes, where destabilizations occurred toward the SW. 

The radar signature of rock falls is characterized by echoes with only radial velocity 
components toward the radar in contiguous bins at slant distances consistent with the 
location of the volcano’s upper slopes (4013 and 3878 m on Fig.17). Radial velocities are 
typically low (<20 m/s). The amplitude of the backscattered power is less in closer bins, as 
expected if not all the destabilized material goes all the way down the slope. As seen from 
the power curves, signal onsets are delayed from the most remote range gates to the closest, 
as the destabilized material tumbles down. It is interesting that many small rock fall events 
detected by the radar are not always well recorded on seismograms, and thus both 
techniques appear complementary as noticed by Vöge et al. (2008). 

An estimate of maximum block velocities during rock falls (Vrf) can be retrieved from the 
radial velocities (Vr) measured by the radar on the upper slopes when the geometry is known: 
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where  is the azimuth difference between the rock fall direction and the beam axis, rf the 
average angle of rock fall relative to the horizontal and ant the elevation angle of the beam. 

Approximate angle values determined from field observations (45°, rf 35°, and ant 22° 
for the lowest part of the beam) lead to rock falls velocities equal to 1.45 times the measured 
radial velocities. With maximum radial velocities commonly in the range 7-14 m/s, the 
upper range of rock fall velocities is 10 to 20 m/s. Likewise, average rock fall speeds can be 
estimated from the time delays of power onsets in successive range gates and the gate radial 
resolution. 

 
Fig. 17. Radar and seismic signals associated with rock falls at Arenal (02/02/2009). Bottom: 
25 minute record of power from two range gates hitting the volcano upper slopes, where 
rock falls are detected by VOLDORAD; middle: maximum radial velocity (component 
towards radar) superimposed on a color spectrogram showing the seismic frequency 
content associated with rock fall events; top: seismic trace of a large rock fall and view of 
Arenal’s summit from north showing lava flows and rock falls producing dust (seismic data 
courtesy of M. Mora; photo © F. Donnadieu, 14/05/2006). 

In theory, the volume of rock falls could be determined from the power measured by the 
radar. In the case of Arenal, however, the size distribution of the fragments tumbling down 
the flanks is unknown and challenging to measure. Also, rock falls occurring in corridors 
can be masked by topographic obstacles or take place in other directions not visible to the 
radar so that it is likely that not all the falling material is detected and some events can even 
remain undetected by the radar. Nevertheless, as most rock falls are generated in 
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that sometimes make visual observations impossible. As shown by the echo power curves 
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expected if not all the destabilized material goes all the way down the slope. As seen from 
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An estimate of maximum block velocities during rock falls (Vrf) can be retrieved from the 
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where  is the azimuth difference between the rock fall direction and the beam axis, rf the 
average angle of rock fall relative to the horizontal and ant the elevation angle of the beam. 

Approximate angle values determined from field observations (45°, rf 35°, and ant 22° 
for the lowest part of the beam) lead to rock falls velocities equal to 1.45 times the measured 
radial velocities. With maximum radial velocities commonly in the range 7-14 m/s, the 
upper range of rock fall velocities is 10 to 20 m/s. Likewise, average rock fall speeds can be 
estimated from the time delays of power onsets in successive range gates and the gate radial 
resolution. 

 
Fig. 17. Radar and seismic signals associated with rock falls at Arenal (02/02/2009). Bottom: 
25 minute record of power from two range gates hitting the volcano upper slopes, where 
rock falls are detected by VOLDORAD; middle: maximum radial velocity (component 
towards radar) superimposed on a color spectrogram showing the seismic frequency 
content associated with rock fall events; top: seismic trace of a large rock fall and view of 
Arenal’s summit from north showing lava flows and rock falls producing dust (seismic data 
courtesy of M. Mora; photo © F. Donnadieu, 14/05/2006). 

In theory, the volume of rock falls could be determined from the power measured by the 
radar. In the case of Arenal, however, the size distribution of the fragments tumbling down 
the flanks is unknown and challenging to measure. Also, rock falls occurring in corridors 
can be masked by topographic obstacles or take place in other directions not visible to the 
radar so that it is likely that not all the falling material is detected and some events can even 
remain undetected by the radar. Nevertheless, as most rock falls are generated in 
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preferential directions during long periods of activity, transportable Doppler radars can be 
used to track this type of activity in order to assess the state of the activity, the stability of 
the lava flow or dome, and better understand the destabilization processes (Hort et al., 
2006). They could be further used to correlate the rock fall activity, linked to the lava 
effusion rate, to the emissions of tephra. As both types of event could be recorded by the 
radar, such a comparative quantified analysis over a representative time sequence spanning 
several weeks could provide information on the eruptive behavior of the volcano and the 
dynamics of its upper plumbing system. 

8. Conclusion and future prospects 
Illustrations provided in this chapter show the many capabilities of Doppler radars to 
investigate and monitor volcanic phenomena in real-time and in all weather conditions. The 
L-band portable volcano Doppler radar of the OPGC is particularly useful for monitoring 
explosive activities of variable intensity from a chosen location. Owing to its 23.5 cm 
wavelength, VOLDORAD is able to sound the interior of dense particle-laden volcanic jets. 
By directly probing the jets near the vent, quantified eruption source parameters can be 
retrieved in different volumes with a high spatiotemporal resolution. 

A major challenge in the mitigation of ash plume-related risks is to determine the relative 
mass flux of volcanic material propelled into the atmosphere, in particular the mass 
transport rate in the cloud at the neutral buoyancy level. The mass transport rate represents 
only a fraction of the total flux of magma erupted at the vent (magma mass eruption rate), 
which also includes the effusive activity (lava flows, lava dome) as well as all the lava falling 
back into the crater and its immediate surroundings contributing to the growth of 
pyroclastic cones (e.g. ballistics). The proportion of material propelled into the atmosphere 
strongly controls the hazards to humans and infrastructures, the economic costs and 
environmental consequences, but also represents an essential input to volcanic ash transport 
and dispersion models. Its estimation in near real-time could allow models to be constantly 
refined by comparing their predictions with measurables from ground-based and satellite 
remote sensing methods and ground deposit data. Model inputs from deposit observations 
(e.g. thickness) to quantify eruption characteristics cannot be done in real-time as this 
requires the collection of many fallout samples at remote locations. Although models allow 
the tephra mass flux to be estimated from the ash column height, the latter needs to be 
accurately measured and defined, in particular with regard to the strong effect of 
crosswinds. This can be achieved most reliably through a combination of methods, but 
radars appear particularly relevant in this case. Weather radars can provide the plume 
height, within the uncertainties discussed in section 2, along with characteristics of the ash 
cloud including transport speed estimates. Compact Doppler radars sounding the plume 
base at a high acquisition rate should help discriminate the mass eruption rate from the 
mass transport rate and link models of plume ascent to models of tephra dispersal by 
providing crucial source kinetic and mass loading parameters. The radar echo power is also 
related to the amount of material ejected and can be inverted to retrieve the mass. Among 
the most stringent assumptions for this is the particle size distribution in the sounded 
volumes. It can be inferred from direct measurements of fallout (rain radar, disdrometer etc) 
or deposit sampling, in situ sampling by aircraft, or comparison with data from similar 

Volcanological Applications of Doppler Radars:  
A Review and Examples from a Transportable Pulse Radar in L-Band 

 

439 

eruptions. We could more ambitiously imagine vertical soundings by transportable Doppler 
radars from underneath wind-advected ash clouds to provide the vertical distribution of 
both the particle concentration and fallout velocities, owing to their directive antenna and 
range gating capability. Tracking the time evolution of these parameters would give access 
to the internal dynamics of ash clouds and sedimentation processes. Terminal fall velocities 
could in turn be related to the particle size distribution that could be compared with field 
deposits and results from tephra dispersal models. Fallout measurements from ground 
collectors and several continuously operating laser or microwave disdrometers would 
improve understanding of the relationship between particle size and fall velocity, and the 
spatial heterogeneities often observed in ground deposits.  

Unfortunately, a comprehensive real-time technique that can provide the erupted mass 
associated with the whole particle-size spectrum does not yet exist. This could only be 
derived from a combination of complementary techniques. This argues for a synergetic 
strategy for the assimilation of multiple datasets quantitatively describing the different parts 
of a plume from the gas-thrust region through the convective region to the buoyant distal 
cloud. As described in this chapter, the proximal region can be well quantified by radars, 
and developments are expected with multiple/complementary frequencies and dual 
polarimetry. The cross-correlation of data from radars and complementary passive remote-
sensing methods, particularly ground-based imagery (IR, VIS, UV), is also a potentially 
powerful tool to retrieve crucial parameters like particle size distribution, gas and tephra 
mass fluxes. Ground-based radars are not useful for long-term volcanic cloud tracking because 
the large ash particles, that provide strong radar signals fall out soon after an eruption. C-band 
radars, for instance, do not detect ash particles with diameter <1-100 m in drifting volcanic 
clouds that can persist in the atmosphere for several days or more (Rose et al., 1995). Thus, 
for the long-range tracking of ash clouds, satellite-based imagers (IR, VIS, UV, microwave) 
bring an obvious synergetic contribution, along with MISR and lidars, more sensitive to 
micron- to submicron-sized particles and aerosols, ceilometers, sun photometers, and DOAS 
mainly for SO2. An important objective of future works should aim at comparing and 
calibrating data from different instruments and/or acquired at different wavelengths, 
always cross-validated with field data (e.g. Bonadonna et al., 2011, 2012; Donnadieu et al., 
2009b; Gouhier et al., 2011). Further coupling with other geophysical methods, in particular 
seismic and acoustic, seems promising to investigate the eruptive behavior of a volcano 
from down the conduit up through the magma-air interface where explosions occur, up to 
the surface where the dynamics of the tephra emissions can be recorded. Finally, back to 
figure 1, the synergetic integration of source-targeting Doppler radars, medium-range 
weather radars (few tens-hundreds km), and satellite- and ground-based imagery, 
combined with traditional monitoring networks and field methods, is a promising approach 
to improve the assessment of ash plume-related hazards, the forecast from tephra dispersal 
models and the mitigation of associated risks. In order to retrieve accurate eruption 
parameters, future research should focus on joint measurements of ash plume characteristics 
at different levels by means of complementary techniques. To this purpose, a good strategy 
would be to (i) carry out well-targeted multi-method experiments on volcanoes showing 
either recurrent activity or sudden resumption of activity, and (ii) operate long-term 
observations at selected laboratory volcanoes having a well-instrumented monitoring 
network. 
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only a fraction of the total flux of magma erupted at the vent (magma mass eruption rate), 
which also includes the effusive activity (lava flows, lava dome) as well as all the lava falling 
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environmental consequences, but also represents an essential input to volcanic ash transport 
and dispersion models. Its estimation in near real-time could allow models to be constantly 
refined by comparing their predictions with measurables from ground-based and satellite 
remote sensing methods and ground deposit data. Model inputs from deposit observations 
(e.g. thickness) to quantify eruption characteristics cannot be done in real-time as this 
requires the collection of many fallout samples at remote locations. Although models allow 
the tephra mass flux to be estimated from the ash column height, the latter needs to be 
accurately measured and defined, in particular with regard to the strong effect of 
crosswinds. This can be achieved most reliably through a combination of methods, but 
radars appear particularly relevant in this case. Weather radars can provide the plume 
height, within the uncertainties discussed in section 2, along with characteristics of the ash 
cloud including transport speed estimates. Compact Doppler radars sounding the plume 
base at a high acquisition rate should help discriminate the mass eruption rate from the 
mass transport rate and link models of plume ascent to models of tephra dispersal by 
providing crucial source kinetic and mass loading parameters. The radar echo power is also 
related to the amount of material ejected and can be inverted to retrieve the mass. Among 
the most stringent assumptions for this is the particle size distribution in the sounded 
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could in turn be related to the particle size distribution that could be compared with field 
deposits and results from tephra dispersal models. Fallout measurements from ground 
collectors and several continuously operating laser or microwave disdrometers would 
improve understanding of the relationship between particle size and fall velocity, and the 
spatial heterogeneities often observed in ground deposits.  

Unfortunately, a comprehensive real-time technique that can provide the erupted mass 
associated with the whole particle-size spectrum does not yet exist. This could only be 
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strategy for the assimilation of multiple datasets quantitatively describing the different parts 
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sensing methods, particularly ground-based imagery (IR, VIS, UV), is also a potentially 
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micron- to submicron-sized particles and aerosols, ceilometers, sun photometers, and DOAS 
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seismic and acoustic, seems promising to investigate the eruptive behavior of a volcano 
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1. Introduction

A Doppler radar is a specialized radar that makes use of the Doppler effect to estimate targets
velocity. It does this by beaming a microwave signal towards a desired target and listening for
its reflection, then analyzing how the frequency of the returned signal has been altered by the
object’s motion. This variation gives direct and highly accurate measurements of the radial
component of a target’s velocity relative to the radar. Doppler radars are used in aviation,
sounding satellites, meteorology, police speed guns, radiology, and bistatic radar (surface to
air missile).

Partly because of its common use by television meteorologists in on-air weather reporting, the
specific term "Doppler Radar" has erroneously become popularly synonymous with the type
of radar used in meteorology.

The Doppler effect is the difference between the observed frequency and the emitted
frequency of a wave for an observer moving relative to the source of the waves. It is commonly
heard when a vehicle sounding a siren approaches, passes and recedes from an observer. The
received frequency is higher (compared to the emitted frequency) during the approach, it
is identical at the instant of passing by, and it is lower during the recession. This variation
of frequency also depends on the direction the wave source is moving with respect to the
observer; it is maximum when the source is moving directly toward or away from the observer
and diminishes with increasing angle between the direction of motion and the direction of
the waves, until when the source is moving at right angles to the observer, there is no shift.
Since with electromagnetic radiation like microwaves frequency is inversely proportional to
wavelength, the wavelength of the waves is also affected. Thus, the relative difference in
velocity between a source and an observer is what gives rise to the Doppler effect.

Now, suppose that we have received an unknown waveform from the target. This waveform
is a result of reflection from a fluctuating target in presence of clutter and noise. The received
signal is often modeled as delayed and Doppler-shifted version of the transmitted signal. So
not only the Doppler estimation, but the joint estimation of the time delay and Doppler shift
provides information about the position and velocity of the target. So we should focus on
the joint estimation of both parameters. There are many works for estimating the joint time
delay and Doppler shift, with advantages and disadvantages apiece. Among these methods,
Wigner Ville (WV) method has proven to be a valuable tool in estimating the time delay and
Doppler shift. WV method is a time-frequency processing. It possesses a high resolution
in the time-frequency plane and satisfies a large number of desirable theoretical properties
[Chassande-Mottin & Pai, 2005]. In fact, these properties are the fundamental motivation
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2 Will-be-set-by-IN-TECH

for the use of the narrowband(wideband) WV transformation for detecting a deterministic
signal with unknown delay-Doppler(-scale) parameters. WV’s practical usage is limited
by the presence of non-negligible cross-terms, resulting from interactions between signal
components. Alternative approaches are proposed for eliminating or at least suppressing the
cross-terms [Chassande-Mottin & Pai, 2005; Orr et al., 1992; Tan & Sha’ameri, 2008]. Generally
speaking, cross-term suppression may be divided into two categories: signal-independent and
signal-dependent paradigm. Coupling the Gabor transformation with the WV distribution
is a signal-independent procedure that reveals a cross-term suppression approach through
exploitation of partial knowledge about signals to be encountered [Orr et al., 1992]. For
signal-dependent method, it is possible to apply an adaptive window over WV distribution
where the kernel parameters are determined automatically from the parameters of the
input signal. This kernel is capable of suppressing the cross-terms and maintain accurate
time-frequency resolution [Tan & Sha’ameri, 2008]. Besides the WV method, there are other
time-frequency techniques such as wavelet transform. Wavelet approach combines the noise
filtering and scaling together, yielding a reduction in complexity [Niu et al., 1999]. There
is also another procedure using the fractional lower order ambiguity function (FLOAF)
for joint time delay and Doppler estimation [Ma & Nikias, 1996]. Now another view is
presented. It is assumed that the transmitted signal follows an N-mode Gaussian mixture
model (GMM). GMM can be used for different transmitted signals. Especially, it presents
an accurate modeling for actual signals transmitted in the sonar and radar systems [Bilik
et al., 2006]. The received signal is affected by the noise, time delay and Doppler where
the conglomerate effects on the signal cause peculiar changes on the moments of received
signal. Using moments is a powerful procedure which is used for different applications,
specially in parameter estimation. Some people use the moment method to estimate the
parameters of a Gaussian mixture in an environment without noise [Fukunaga et al., 1983].
Some apply the method for better parameter estimation in a faded signal transmitted through
a communication channel which is suffered from multipath. The method can be implemented
using a non-linear least-squares algorithm to represent a parameterized fading model for
the instantaneous received path power which accounts for both wide-sense stationary
shadowing and small-scale fading [Bouchereau & Brady, 2008]. The most prominent and
novel models for the envelope of a faded signal are Rician and Nakagami. There are
estimators for the Nakagami-m parameter based on real sample moments. The estimators
present an asymptotic expansion which provides a generalized closed-form expression for
the Nakagami-m parameter without the need for coefficient optimization for different ratios
of real moments [Gaeddert & Annamalai, 2005]. There are also approaches that show the
K-factor in Rician model is an exact function of moments estimated from time-series data
[Greenstein et al., 1999].

In this chapter, we analyze the effect of noise, time delay, and Doppler on the moments of
received signal and exploit them for estimating the position and velocity of the target. We note
that in the new method, the noise power is assumed unknown which is estimated along with
the time delay and Doppler shift. The new approach exhibits accurate results compared to the
existing methods even in very low SNR and long tailed noise. Then, the estimated parameters
are used for tracking a maneuvering target’s position and velocity. There exist other practical
methods for tracking targets such as Kalman filtering [Park & Lee, 2001]. However, when
the target motion is nonlinear and/or clutter and/or noise are non-Gaussian, this approach
fails to be effective. Instead, unscented Kalman filter (UKF) and extended Kalman filter (EKF)
come into use [Jian et al., 2007]. However, in long tailed noise, Kalman filtering results are
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unsatisfactory. To overcome these difficulties, particle filtering (PF) is utilized [Jian et al.,
2007].

Although particle filtering performs better than Kalman filtering in noisy environment, but
it also diverges in low SNRs and cannot be trustable in this range of SNR. In addition, this
method requires much more processing. We note that Kalman filtering, extended Kalman,
unscented Kalman and particle filtering are recursive in nature. The new procedure proposed
in this chapter is not recursive and can be used in the non-Gaussian, non-stationary noise,
and nonlinear target motion. In here, the target tracking is performed based on the estimated
time delay and Doppler. Since the accuracy of the time delay and Doppler estimation are high
enough even in the severe noise, the results in tracking are acceptable compared to other rival
approaches.

In section II the moment concept is reviewed and moment method is described as the base
item in our estimations. Section III provides a model for the received signal. This signal
has been influenced by unknown noise, delay and Doppler. It is shown in Section IV that
it is possible to estimate Doppler by using the moments of the received random signal. The
method is also useful for delay estimation. The noise power and its behavior play a prominent
role in our work. So some analysis in this field is presented in this section too. After the
parameter estimation, section V is devoted to explain about how the tracking a target is
done based on the estimated delay and Doppler. And finally, section VI contains results that
illustrate the effectiveness of the proposed method.

2. Moment concept

In probability theory, the moment method is a way in which the moments of a discrete
sequence are used to determine its distribution.

Suppose that X is a random variable, and fX(x) is the probability density function (PDF) of
this random variable. The moments of the random variable X is calculated from the following
equation:

mn = E (Xn) =
∫ ∞

−∞
xn fX (x) dx =

∫ ∞

−∞
xn dFX (x) dx, (1)

which FX (x) is the cumulative distribution function (CDF) of the random variable X, and E(.)
is the expectation value.

On the other hand, the moment generating function (MGF) of this random variable is
calculated as follows:

MX (u) = E
(

euX
)

, u ∈ C. (2)

Note that the equation will be hold if the expectation value exists.

In here, to obtain the moments of a random variable, the relation between the moment and
the moment generating function is use instead of using equation (1). This relation can be
demonstrated as follows:

MX (u) = E
(

euX
)
=

∫ ∞

−∞
eux fX (x) dx =

∫ ∞

−∞
(1 + ux +

u2x2

2!
+ · · · ) fX(x)dx = 1 + um1 +

u2m2
2!

+ · · · . (3)
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4 Will-be-set-by-IN-TECH

This equation is hold when the moments mn are finite, i.e. |mn| < ∞.

The moment method claims that using the moment of the random variable X, the PDF of X is
completely determined. So if we have:

lim
n→∞

E
(

Xk
n

)
= E

(
Xk

)
, ∀k (4)

then, the sequence {Xn} has the same distribution as the X. we use (4) for parameter
estimation, i.e. The left side of the equation is obtained statically, and the right side is
calculated analytically. These two sides should be equal.

To begin our discussion, a model should be considered for our signals. Next section is focused
on finding the suitable model.

3. Signal model

We consider the baseband representation of the received signal, which can be expressed as
the sum of the desired signal component and non-stationary background noise. The signal
component is represented by the linear sum of many non-coherent waveforms whose arrivals
at the receiver are governed by a Poisson process [Zabin & Wright, 1994]. The receiver includes
two sensors to measure the received signal in presence of background noise:

y1 (t) = s (t) + ω1 (t) ,

y2 (t) = s (t − τ) exp (j2πtε) + ω2 (t) , (5)

where τ and ε denote the time delay and Doppler respectively, and s(t) is the desired received
signal modeled at any time instance t to follow a real N-mode Gaussian mixture distribution
[Isaksson et al., 2001]:

s (t) ∼
N

∑
i=1

pi N
(

μsi , σ2
si

)
. (6)

The processes ω1(t) and ω2(t) are real zero-mean additive white Gaussian noises (AWGN)
with powers of σ2

ω1
and σ2

ω2
respectively. These powers are not constant in practice due to

nonhomogeneous environment, but are assumed as random variates which are estimated
subsequently. The signal and noise are supposed to be uncorrelated, but the noises ω1(t)
and ω2(t) are possibly correlated.

4. Parameter estimation

In this section, for a random variable X, the moment generating function (MGF), Mx(u), and
its asymptotic series are used to determine the moments mxi:

Mx(u) = E(euX) = 1 + umx1 +
u2mx2

2!
+ · · · , u → 0. (7)

4.1 Time delay estimation

The statistical properties of the signal and noise which are represented in (5) are known.
Therefore, their MGF is available, by assuming finite moments of signal and noise. Although
the signal follows a Gaussian mixture distribution, the conglomerate effect of the time delay
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n Moment Central moment Cumulant

0 1 1 −

1 μ 0 μ

2 μ2 + σ2 σ2 σ2

3 μ3 + 3μσ2 0 0

4 μ4 + 6μ2σ2 + 3σ4 3σ4 0

Table 1. Normal distribution moments

and Doppler creates a non-stationary signal, as seen in (5). At first, by using both sensors in
the receiver, the time delay is predicted, then this estimated delay facilitates determination of
the Doppler shift subsequently. The time delay estimation is described here and discussions
about the Doppler estimation are provided in the sequel. It is required to consider the MGF
of the normal distributed variate as the starting ground for the next steps:

M(u) = exp
(

μu + 0.5σ2u2
)

, (8)

where μ and σ are the mean and variance of normal distribution. The related moments are
depicted in table (I). We suppose the received noise-free signal in the second sensor is denoted
by:

r(t) = s(t − τ) exp(j2πtε). (9)

First, we assume there is no Doppler i.e. r(t) = s(t − τ), and the noise variances, σ2
ω1

and
σ2

ω2
, are constant. As mentioned above, we utilize the MGF for the estimation purposes. The

noise terms in both sensors have normal distributions. Since the noise terms in (5) and signal
s(t) are independent, the difference between MGF of two received signals y1(t) and y2(t) in
(5) is derived from the noise-free terms s(t) and r(t). Since r(t) is the delayed replica of s(t),
it includes two blocks. When the second sensor has not sensed the received signal yet, r(t)
merely contains the noise ω2(t) and its MGF can be calculated by (8), but, as soon as the
transmitted signal arrives at this sensor, y2(t) shows a similar behavior to y1(t). This suitable
observation could be used for the time delay estimation.

So, MGF of signal detected at the first sensor is considered as a reference for our estimation
in the second sensor. Indeed, the moments of y1(t) are extractable from this known MGF
by using (7). These moments are employed as the reference for comparing among results
retrieved from the second sensor. In the second sensor, a rectangular running window is
implemented on y2(t) and this window helps to extract different segments of y2(t) step by
step. The window length depends on two parameters. First, it must be long enough to be
trustable in calculating the estimated moments, on the other hand, it should not be so long
that damages the real-time characteristics of estimator. Anyway, there is a trade-off between
these two factors. The window length is considered constant and moves from the beginning
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This equation is hold when the moments mn are finite, i.e. |mn| < ∞.
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and ω2(t) are possibly correlated.
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In this section, for a random variable X, the moment generating function (MGF), Mx(u), and
its asymptotic series are used to determine the moments mxi:
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The statistical properties of the signal and noise which are represented in (5) are known.
Therefore, their MGF is available, by assuming finite moments of signal and noise. Although
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depicted in table (I). We suppose the received noise-free signal in the second sensor is denoted
by:
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First, we assume there is no Doppler i.e. r(t) = s(t − τ), and the noise variances, σ2
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and
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, are constant. As mentioned above, we utilize the MGF for the estimation purposes. The

noise terms in both sensors have normal distributions. Since the noise terms in (5) and signal
s(t) are independent, the difference between MGF of two received signals y1(t) and y2(t) in
(5) is derived from the noise-free terms s(t) and r(t). Since r(t) is the delayed replica of s(t),
it includes two blocks. When the second sensor has not sensed the received signal yet, r(t)
merely contains the noise ω2(t) and its MGF can be calculated by (8), but, as soon as the
transmitted signal arrives at this sensor, y2(t) shows a similar behavior to y1(t). This suitable
observation could be used for the time delay estimation.

So, MGF of signal detected at the first sensor is considered as a reference for our estimation
in the second sensor. Indeed, the moments of y1(t) are extractable from this known MGF
by using (7). These moments are employed as the reference for comparing among results
retrieved from the second sensor. In the second sensor, a rectangular running window is
implemented on y2(t) and this window helps to extract different segments of y2(t) step by
step. The window length depends on two parameters. First, it must be long enough to be
trustable in calculating the estimated moments, on the other hand, it should not be so long
that damages the real-time characteristics of estimator. Anyway, there is a trade-off between
these two factors. The window length is considered constant and moves from the beginning
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of the signal to the end. Besides the length, the overlap between adjacent frames is another
item that is determined according to the required accuracy and tolerable complexity in the
time delay estimation. At the beginning of signal block, the windowed signal includes only
the noise part of y2(t), because of delay τ, so it exhibits different moments in comparison
with y1(t). While the first point of window reaches the onset of delayed signal s(t − τ),
the estimated moments become similar to the moments of y1(t). Mean square error (MSE)
criterion is applied for observing the measure of this similarity. At first, we observe large MSE
values, but, the window progression leads to a decrease in MSE and after the τ seconds delay
point, we get a small amount for MSE nearly equal to zero and will remain constant up to the
end of observation time.

Now, Doppler is considered and r(t) is obtained from (9). Doppler changes the constant
amount of MSE which had happened after τ seconds. It means that after the delay point,
Doppler increases MSE gradually, but this phenomenon is not an annoying event in time
delay estimation, even it helps to find the time delay, because this increasing in MSE takes
place from the delay point, so it causes the delay point to be the point which has minimum
value for MSE.

In figure (1), the Doppler effect on the MSE behavior is showed for three different SNRs. Time
delay is equal to 300 microseconds. In SNR=+10dB, the result is clear. In two other SNRs, the
minimum point is almost matched well with the actual amount of delay, i.e. 300.

We assume the windowed signal in the k-th step of window moving is denoted by y2k and the
i-th moment of this windowed signal is presented as m̂y2k ,i. Therefore, the k-th window whose
related moments m̂y2k ,i are the most similar to those of y1(t), my1,i, can be estimated by:

k̂ = arg min
k

L

∑
i=1

∣∣∣my1,i − m̂y2k ,i

∣∣∣2 , (10)

where in here, L is considered 4, and it would reveal a desirable result [Fukunaga et al., 1983].
In fact, when L=4, we use 4 moments of signal. So we have 4 equations that are applied to
determine the unknown parameter. Although there is only one unknown parameter, but the
noise signal does not let us find the parameter by only one equation. But the use of four
equations is enough. Note that if more accuracy is needed, L can be considered larger. So, the
delay point, τ̂, is the first point of k̂-th window.

Despite the presence of Doppler, the proposed moment method estimates the time delay
precisely. Consequently, this method can consider the time delay and Doppler simultaneously,
and thus, is able to estimate the joint time delay and Doppler accurately.

4.2 Doppler estimation

In this section, we can consider the estimated delay τ̂ as the time origin for the received signal
in the second sensor:

y2(t + τ̂) = r(t + τ̂) + ω2(t + τ̂), t ≥ 0. (11)

According to (9) and (11), we have:

y2(t + τ̂) = s(t) exp(j2π(t + τ̂)ε) + ω2(t + τ̂), t ≥ 0. (12)
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a)  SNR=+10 dB

c)  SNR=-10 dB

b)  SNR= 0 dB

Fig. 1. MSE between the signal y1(t) moments and the windowed parts of signal y2(t)
moments. a) SNR=+10dB, b) SNR=0dB, c) SNR=-10dB
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where in here, L is considered 4, and it would reveal a desirable result [Fukunaga et al., 1983].
In fact, when L=4, we use 4 moments of signal. So we have 4 equations that are applied to
determine the unknown parameter. Although there is only one unknown parameter, but the
noise signal does not let us find the parameter by only one equation. But the use of four
equations is enough. Note that if more accuracy is needed, L can be considered larger. So, the
delay point, τ̂, is the first point of k̂-th window.

Despite the presence of Doppler, the proposed moment method estimates the time delay
precisely. Consequently, this method can consider the time delay and Doppler simultaneously,
and thus, is able to estimate the joint time delay and Doppler accurately.

4.2 Doppler estimation

In this section, we can consider the estimated delay τ̂ as the time origin for the received signal
in the second sensor:

y2(t + τ̂) = r(t + τ̂) + ω2(t + τ̂), t ≥ 0. (11)

According to (9) and (11), we have:

y2(t + τ̂) = s(t) exp(j2π(t + τ̂)ε) + ω2(t + τ̂), t ≥ 0. (12)
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Fig. 1. MSE between the signal y1(t) moments and the windowed parts of signal y2(t)
moments. a) SNR=+10dB, b) SNR=0dB, c) SNR=-10dB
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Doppler and noise effect on the moments of y2(t + τ̂) should be noticed. Instead of y2(t + τ̂),
we work on the real part:

y2r(t + τ̂) = s(t) cos(2π(t + τ̂)ε) + ω2(t + τ̂), t ≥ 0. (13)

y2r(t + τ̂) includes the noise and signal, and the signal is also affected by Doppler which
changes the moments of the signal. Therefore, we prefer to obtain MGF of y2r(t + τ̂) firstly,
then, the moments are obtained from this MGF by (7). The noise-free signal in (13) is
independent from the noise ω2(t + τ̂), so MGF of y2r(t + τ̂) is:

My2r (u) = Mr(u)Mω2 (u), (14)

where Mr(u) is MGF of the first term in right side of (13), and:

Mω2 (u) = exp
(

0.5σ2
ω2

u2
)

. (15)

The time varying variance will be comprehensively discussed in the sequel. Here, the problem
is to estimate Mr(u). s(t) follows a Gaussian mixture distribution in (6). The presence of
the cosine term changes the first term in the right side of (13) to a non-stationary process.
Although the cosine term is time variant, fortunately, it is deterministic.

Now, we obtain Mr(u):

Ms(u) =
N

∑
i=1

pi exp
(

μsi u + 0.5σ2
si

u2
)

⇒

Mr(u; t) =
N

∑
i=1

pi exp
(

μsi u + 0.5σ2
si

cos2(2π(t + τ̂)ε)u2
)

. (16)

Both Mr(u) and Mω2 (u) are expressed as the series for u → 0, then by multiplying these two
series and ordering their terms, MGF of y2r(t + τ̂) is asymptotically obtained in the context of
(7):

My2r (u) = Mr (u) Mω2 (u)

= (1 + umr1 +
u2mr2

2!
+

u3mr3
3!

+
u4mr4

4!
+ · · · )

× (1 + umω21 +
u2mω22

2!
+

u3mω23

3!
+

u4mω24

4!
+ · · · )

= 1 + u(mr1 + mω21) +
u2(mr2 + mω22 + 2mr1mω21)

2!

+
u3(mr3 + mω23 + 3mr1mω22 + 3mr2mω21)

3!

+
u4(mr4 + mω24 + 6mr2mω22 + 4mr1mω23 + 4mr3mω21)

4!
+ · · · . (17)

The moments extracted from Mr(u) are shown in Table (II). There exists also another problem.
The resulting moments of y2r(t+ τ̂) are time dependent. Since the cosine term is deterministic,
the time average of the moments can be substituted instead. Let’s define:

ζi(ε) =
1
T

∫ T

0
cosi(2π(t + τ̂)ε)dt, (18)
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n Moment

0 1

1 ∑N
i=1 piμsi

2 ∑N
i=1 pi(μ

2
si
+ σ2

si
cos2(2π(t + τ̂)ε))

3 ∑N
i=1 pi(μ

3
si
+ 3μsi σ

2
si

cos2(2π(t + τ̂)ε))

4 ∑N
i=1 pi(μ

4
si
+ 6μ2

si
σ2

si
cos2(2π(t + τ̂)ε) + 3σ4

si
cos4(2π(t + τ̂)ε))

Table 2. Moments extracted from Mr(u; t)

where T is the observation time. Note that for dependency of ζi(ε) on ε, the moments of
y2r(t + τ̂) are dependent on ε too. Finally, for obtaining the time-independent moments of
y2r(t + τ̂), my2r ,i, it suffices that all “cosi(2π(t + τ̂)ε)” terms in the time-dependent moments
to be substituted by ζi(ε). The final moments are depicted in table (III).

Since now, the moments were obtained analytically, it means we only calculated the right side
of equation (4). On the other hand, the moments of the observed signal in the second receiver
can be calculated statistically by:

m̃i =
1
T

∫ T

0
yi

2r(t + τ̂)dt. (19)

Now the left side of the equation (4) is also obtained. Both of these two procedures must yield
same results. Thus, ε should be selected in such a way that this equality holds. To do this,
MSE criterion is used again:

MSE =
L

∑
i=1

∣∣∣my2r ,i − m̃i

∣∣∣2 . (20)

Similar to the previous section, L is considered as 4. So Doppler of the received signal y2r(t +
τ̂) is estimated:

ε̂ = arg min
ε

L

∑
i=1

∣∣∣my2r ,i − m̃i

∣∣∣2 . (21)

4.3 Noise power estimation

The noise power estimation is similar to Doppler estimation. Indeed, these two estimations
are done simultaneously. It could be seen that the moments do not merely depend on Doppler.
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The moments extracted from Mr(u) are shown in Table (II). There exists also another problem.
The resulting moments of y2r(t+ τ̂) are time dependent. Since the cosine term is deterministic,
the time average of the moments can be substituted instead. Let’s define:

ζi(ε) =
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T

∫ T

0
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Table 2. Moments extracted from Mr(u; t)

where T is the observation time. Note that for dependency of ζi(ε) on ε, the moments of
y2r(t + τ̂) are dependent on ε too. Finally, for obtaining the time-independent moments of
y2r(t + τ̂), my2r ,i, it suffices that all “cosi(2π(t + τ̂)ε)” terms in the time-dependent moments
to be substituted by ζi(ε). The final moments are depicted in table (III).

Since now, the moments were obtained analytically, it means we only calculated the right side
of equation (4). On the other hand, the moments of the observed signal in the second receiver
can be calculated statistically by:

m̃i =
1
T

∫ T

0
yi

2r(t + τ̂)dt. (19)

Now the left side of the equation (4) is also obtained. Both of these two procedures must yield
same results. Thus, ε should be selected in such a way that this equality holds. To do this,
MSE criterion is used again:

MSE =
L

∑
i=1

∣∣∣my2r ,i − m̃i

∣∣∣2 . (20)

Similar to the previous section, L is considered as 4. So Doppler of the received signal y2r(t +
τ̂) is estimated:

ε̂ = arg min
ε

L

∑
i=1

∣∣∣my2r ,i − m̃i

∣∣∣2 . (21)

4.3 Noise power estimation

The noise power estimation is similar to Doppler estimation. Indeed, these two estimations
are done simultaneously. It could be seen that the moments do not merely depend on Doppler.
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n Moment

0 1

1 ∑N
i=1 piμsi

2 ∑N
i=1 pi(μ

2
si
+ σ2

si
ζ2(ε)) + σ2

ω

3
N
∑

i=1
pi
(
μ3

si
+ 3μsi σ

2
si

ζ2 (ε)
)
+ 3σ2

ω

N
∑

i=1
piμsi

4
N
∑

i=1
pi

(
μ4

si
+ 6μ2

si
σ2

si
ζ2 (ε) + 3σ4

si
ζ4 (ε)

)
+ 3σ4

ω + 6σ2
ω

N
∑

i=1
pi(μ

2
si
+ σ2

si
ζ2 (ε))

Table 3. Final moments extracted from My2r (t + τ̂)

They depend onto the noise power as well. So, in (20), MSE includes two parameters, the
noise power and Doppler of the received signal, and should be minimized according to both
of them:

(ε̂, σ̂2
ω2
) = arg min

ε,σ2
ω2

L

∑
i=1

∣∣∣my2r ,i − m̃i

∣∣∣2 . (22)

Now it is the time to discuss about the variable variance of the noise. This means that in
(14) the noise variance is considered unknown. We can estimate the noise variance given
N1 signal-free samples which are at hand occasionally. So, σ2

ω2
becomes a random variate.

Since the noise ω2(t + τ̂) is assumed Gaussian, the N1-sample based estimated variance is
chi-square distributed with N1 degrees of freedom:

σ̂2
ω2

=
1

N1

N1

∑
i=1

ω2
2i

, σ̂2
ω2

∼ χ2
N1

. (23)

Hence, the average MGF of the noise over σ2 is obtained in (14) as:

M̄ω2 (u) =
1√

(1 − σ̂2
ω2 u2/N1)N1

= 1 + 0.5σ̂2
ω2

u2 + (0.125 + 1/4N1)σ̂
4
ω2

u4 + · · · . (24)

In this non-stationary noise scenario due to σ̂2
ω2

, the procedure presented for Doppler
estimation in the previous part does not change, only MGF and the moments of the normal
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distribution considered previously for the noise should be substituted by the ones determined
in (24).

5. Radar tracking

In the basic section, we said that the proposed parameter estimation can be useful for the
tracking of a target. As mentioned, there are various methods for the target tracking which
present specific mathematical algorithms. These methods have different performance levels,
but most of them are recursive, so that at any time, the data is obtained by using previous
data and improving them. Now, some of the most common procedures and their problems
are expressed and then, the proposed moment method are described in detail.

5.1 Kalman filter

The Kalman filter is the central algorithm to the majority of all modern radar tracking systems.
The role of the filter is to take the current known state (i.e. position, heading, speed and
possibly acceleration) of the target and predict the new state of the target at the time of
the most recent radar measurement. In making this prediction, it also updates its estimate
of its own uncertainty (i.e. errors) in this prediction. It then forms a weighted average of
this prediction of state and the latest measurement of state, taking account of the known
measurement errors of the radar and its own uncertainty in the target motion models. Finally,
it updates its estimate of its uncertainty of the state estimate. A key assumption in the
mathematics of the Kalman filter is that measurement equations (i.e. the relationship between
the radar measurements and the target state) and the state equations (i.e. the equations for
predicting a future state based on the current state) are linear, i.e. can be expressed in the form
y = A.x (where A is a constant), rather than y = f (x). The Kalman filter assumes that the
measurement errors of the radar, and the errors in its target motion model, and the errors in
its state estimate are all zero-mean Gaussian distributed. This means that all of these sources
of errors can be represented by a covariance matrix. The mathematics of the Kalman filter is
therefore concerned with propagating these covariance matrices and using them to form the
weighted sum of prediction and measurement [Ristic et al., 2004].

In situations where the target motion conforms well to the underlying model, there is a
tendency of the Kalman filter to become "over confident" of its own predictions and to start
to ignore the radar measurements. If the target then manoeuvres, the filter will fail to follow
the manoeuvre. It is therefore common practice when implementing the filter to arbitrarily
increase the magnitude of the state estimate covariance matrix slightly at each update to
prevent this.

5.2 Extended Kalman Filter (EKF)

This method is a class of nonlinear tracking algorithms that provides much better results than
the Kalman filter.

Nonlinear tracking algorithms use a nonlinear filter to cope with the following cases:

• The relationship between the radar measurements and the track coordinates is nonlinear.

• The errors are nonlinear.

• The motion model, is non-linear.
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Table 3. Final moments extracted from My2r (t + τ̂)

They depend onto the noise power as well. So, in (20), MSE includes two parameters, the
noise power and Doppler of the received signal, and should be minimized according to both
of them:

(ε̂, σ̂2
ω2
) = arg min

ε,σ2
ω2

L

∑
i=1

∣∣∣my2r ,i − m̃i

∣∣∣2 . (22)

Now it is the time to discuss about the variable variance of the noise. This means that in
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Since the noise ω2(t + τ̂) is assumed Gaussian, the N1-sample based estimated variance is
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In this non-stationary noise scenario due to σ̂2
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, the procedure presented for Doppler
estimation in the previous part does not change, only MGF and the moments of the normal
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distribution considered previously for the noise should be substituted by the ones determined
in (24).

5. Radar tracking

In the basic section, we said that the proposed parameter estimation can be useful for the
tracking of a target. As mentioned, there are various methods for the target tracking which
present specific mathematical algorithms. These methods have different performance levels,
but most of them are recursive, so that at any time, the data is obtained by using previous
data and improving them. Now, some of the most common procedures and their problems
are expressed and then, the proposed moment method are described in detail.

5.1 Kalman filter

The Kalman filter is the central algorithm to the majority of all modern radar tracking systems.
The role of the filter is to take the current known state (i.e. position, heading, speed and
possibly acceleration) of the target and predict the new state of the target at the time of
the most recent radar measurement. In making this prediction, it also updates its estimate
of its own uncertainty (i.e. errors) in this prediction. It then forms a weighted average of
this prediction of state and the latest measurement of state, taking account of the known
measurement errors of the radar and its own uncertainty in the target motion models. Finally,
it updates its estimate of its uncertainty of the state estimate. A key assumption in the
mathematics of the Kalman filter is that measurement equations (i.e. the relationship between
the radar measurements and the target state) and the state equations (i.e. the equations for
predicting a future state based on the current state) are linear, i.e. can be expressed in the form
y = A.x (where A is a constant), rather than y = f (x). The Kalman filter assumes that the
measurement errors of the radar, and the errors in its target motion model, and the errors in
its state estimate are all zero-mean Gaussian distributed. This means that all of these sources
of errors can be represented by a covariance matrix. The mathematics of the Kalman filter is
therefore concerned with propagating these covariance matrices and using them to form the
weighted sum of prediction and measurement [Ristic et al., 2004].

In situations where the target motion conforms well to the underlying model, there is a
tendency of the Kalman filter to become "over confident" of its own predictions and to start
to ignore the radar measurements. If the target then manoeuvres, the filter will fail to follow
the manoeuvre. It is therefore common practice when implementing the filter to arbitrarily
increase the magnitude of the state estimate covariance matrix slightly at each update to
prevent this.

5.2 Extended Kalman Filter (EKF)

This method is a class of nonlinear tracking algorithms that provides much better results than
the Kalman filter.

Nonlinear tracking algorithms use a nonlinear filter to cope with the following cases:

• The relationship between the radar measurements and the track coordinates is nonlinear.

• The errors are nonlinear.

• The motion model, is non-linear.
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In this case, the relationship between the measurements and the state is of the form h =
f (x) (where h is the vector of measurements, x is the target state and f (.) is the function
relating the two). Similarly, the relationship between the future state and the current state
is of the form x(t + 1) = g(x(t)) (where x(t) is the state at time t and g(.) is the function
that predicts the future state). To handle these non-linearities, the EKF linearizes the two
non-linear equations using the first term of the Taylor series and then treats the problem as
the standard linear Kalman filter problem. Although conceptually simple, the filter can easily
diverge (i.e. gradually perform more and more badly) if the state estimate about which the
equations are linearized is poor. The unscented Kalman filter and particle filters are attempts
to overcome the problem of linearizing the equations.

5.3 Particle Filtering (PF)

Another example of nonlinear methods is particle filtering. This method makes no
assumptions about the distributions of the errors in the filter and neither does it require
the equations to be linear. Instead it generates a large number of random potential states
("particles") and then propagates this "cloud of particles" through the equations, resulting in a
different distribution of particles at the output. The resulting distribution of particles can then
be used to calculate a mean or variance, or whatever other statistical measure is required. The
resulting statistics are used to generate the random sample of particles for the next iteration.
However, this method also has some problems that restrict the use. This method requires
large computational operations and face severe difficulties for real-time applications. On the
other hand, this method is also not able to have suitable results in very low SNRs. In these
SNRs, PF is not able to bring us to a reasonable particle, and even using Sampling Importance
Re-sampling (SIR) method can not lead us to better results [Ristic et al., 2004]. In SIR method,
a weighted set of particles is used. These new weighted particles can face and eliminate the
noise more powerfully and present better estimation in low SNRs.

5.4 The proposed moment method

In this section, we are going to solve the problems we are faced in PF. This is done based on
the time delay and Doppler estimated in the previous section. Three sensors are used. They
are located on the vertices of an equilateral triangle. One of the sensors is a transmitter and
receiver, the other two sensors only serve as the receiver. The arrangement of the sensors and
their positions relative to the target is depicted in figure (2). The target is in the far field of the
sensors.

A signal is emitted from the first sensor to the target. When this signal comes into contact
with the target, generally speaking, it is scattered in many directions. The signal is thus
partly reflected back, hence, all three sensors receive this reflected signal. According to the
earlier discussions, the time delay and Doppler of the received signal in each sensor could be
estimated.

First, the target position is determined. Suppose the time interval between sending the signal
from the transmitter and receiving it in each sensor is shown by Ti f or i = 1, 2, 3, which i
denotes the sensor number. We also use Ri as the distance between the target and the i-th
receiver. Since the transmitter is beside the first receiver, we have:

R1 =
1
2

T1 × Ce, (25)
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Fig. 2. The arrangement of the three sensors and their positions relative to the target

which Ce is the velocity of the emitted signal that is equal to the light speed. For two other
receivers that are not near the transmitter, the distance is calculated as:

Ri = (Ti − T1
2
)× Ce, i = 2, 3. (26)

Each sensor provides the locus of the target on a sphere of radius Ri centered at that sensor.
As mentioned before, these sensors are located on the vertices of an equilateral triangle.

It can be shown mathematically that the intersection of these three spheres is at two points.
To prove this, the equations for the three spheres are considered, and then the intersection
of them is obtained. Without losing the generality, we assume that the three points where
the sensors are located in, are showed by A, B and C. The points are respectively in (x0, 0, 0),
(−x0, 0, 0) and (0, y0, 0) in Cartesian coordinates and are showed in figure (3).

At first, the equations of two spheres with centers A and B and radii R1 and R2 are obtained:

(x − x0)
2 + y2 + z2 = R2

1,

(x + x0)
2 + y2 + z2 = R2

2. (27)

The first equation is subtracted from the second one:

2xx0 − (−2xx0) = R2
2 − R2

1 ⇒

4xx0 = R2
2 − R2

1 ⇒ x =
R2

2 − R2
1

4x0
. (28)
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a weighted set of particles is used. These new weighted particles can face and eliminate the
noise more powerfully and present better estimation in low SNRs.

5.4 The proposed moment method

In this section, we are going to solve the problems we are faced in PF. This is done based on
the time delay and Doppler estimated in the previous section. Three sensors are used. They
are located on the vertices of an equilateral triangle. One of the sensors is a transmitter and
receiver, the other two sensors only serve as the receiver. The arrangement of the sensors and
their positions relative to the target is depicted in figure (2). The target is in the far field of the
sensors.

A signal is emitted from the first sensor to the target. When this signal comes into contact
with the target, generally speaking, it is scattered in many directions. The signal is thus
partly reflected back, hence, all three sensors receive this reflected signal. According to the
earlier discussions, the time delay and Doppler of the received signal in each sensor could be
estimated.

First, the target position is determined. Suppose the time interval between sending the signal
from the transmitter and receiving it in each sensor is shown by Ti f or i = 1, 2, 3, which i
denotes the sensor number. We also use Ri as the distance between the target and the i-th
receiver. Since the transmitter is beside the first receiver, we have:
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Fig. 2. The arrangement of the three sensors and their positions relative to the target

which Ce is the velocity of the emitted signal that is equal to the light speed. For two other
receivers that are not near the transmitter, the distance is calculated as:

Ri = (Ti − T1
2
)× Ce, i = 2, 3. (26)

Each sensor provides the locus of the target on a sphere of radius Ri centered at that sensor.
As mentioned before, these sensors are located on the vertices of an equilateral triangle.

It can be shown mathematically that the intersection of these three spheres is at two points.
To prove this, the equations for the three spheres are considered, and then the intersection
of them is obtained. Without losing the generality, we assume that the three points where
the sensors are located in, are showed by A, B and C. The points are respectively in (x0, 0, 0),
(−x0, 0, 0) and (0, y0, 0) in Cartesian coordinates and are showed in figure (3).

At first, the equations of two spheres with centers A and B and radii R1 and R2 are obtained:
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1,
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The first equation is subtracted from the second one:
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Fig. 3. The position of the three sensors and the intersection of three spheres related to the
sensors

Now, the obtained value x is put in the one of the equations (27). We select the first one:

(
R2

2 − R2
1

4x0
− x0

)2

+ y2 + z2 = R2
1 ⇒

y2 + z2 = R2
1 −

(
R2

2 − R2
1

4x0
− x0

)2

. (29)

For convenience, the right side of the second equality of (29) is showed by R2
cir. Thus, the

intersection of the two spheres is a circle with the following equation:

y2 + z2 = R2
cir, (30)

Which is located in the plane x =
R2

2−R2
1

4x0
.

Then the intersection of this circle and the third sphere should be obtained. The third sphere
has the center C and radius R3. So its equation is:

x2 + (y − y0)
2 + z2 = R2

3. (31)

The left side of the equation (31) is extended, and the circle equation is used in it:

x2 + (y − y0)
2 + z2 = −2yy0 + y2

0 + x2 + y2 + z2

= −2yy0 + y2
0 +

(
R2

2 − R2
1

4x0

)2

+ R2
cir ⇒

y =
y2

0 +
(

R2
2−R2

1
4x0

)2
+ R2

cir

2y0
. (32)
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So, x and y coordinates of the intersection point is:

x =
R2

2 − R2
1

4x0

y =
y2

0 +
�

R2
2−R2

1
4x0

�2
+ R2

cir

2y0
. (33)

Using this two values and the equation (31), the third coordinates is also calculated:

z = ±

������R2
3 −

�
R2

2 − R2
1

4x0

�2

−

⎛
⎜⎝

y2
0 +

�
R2

2−R2
1

4x0

�2
+ R2

cir

2y0
− y0

⎞
⎟⎠

2

. (34)

As mentioned, this intersection contains only two points which are located in the two sides of
the plane xy and in front of each other. But in reality, only one of these points has a positive
height and coincides with the coordinate of a target in sky.

After this proof, we continue our discussion about the tracking. On the one hand, the target
position is achievable by using Ris, and on the other hand, the equations (25) and (26) inform
about the relation between Ris and Tis. Therefore, the target position can be determined if Ti
is known. For calculating this parameter, it should be considered as the signal’s time delay
to reach to the i-th receiver. Let’s assume the first sensor in the section (IV), is the transmitter
now, and the second sensor in there is one of the three receivers in here. By using the proposed
moment method three times, the time delay can be estimated for all the three receivers. Ti is
denoted as the estimated time delay for i-th receiver. Now, all unknowns are obtained, so the
position is easily predicted.

Finally, the target velocity should be obtained. The receivers compute three values for
Doppler, ε̂i, by the proposed moment technique. Since the transmitter and the first receiver
are at the same sensor, the velocity component along the connecting line between the target
and the first sensor is:

υ1 =
d
dt
�R1� =

C
2 ft

ε̂1, (35)

where �.� represents Euclidean norm, and R1 is the vector connecting the first sensor to the
target. C is the speed of light and ft is the frequency of the emitted signal. Using υ1, we
determine the velocity components along the connecting line between the target and two other
sensors (receivers):

υi =
C
ft

ε̂i − υ1, i = 2, 3. (36)

In the next section, there are results that compare the different methods available for
estimating the time delay and Doppler. There are also some results about tracking a target
which has a nonlinear motion. In the parameter estimation results, the proposed moment
method is compared with the methods Wigner-Ville (WV), fractional lower order ambiguity
function (FLOAF) and wavelet, and in the tracking part, there is a comparison between the
proposed method and EKF and PF ones.
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Fig. 3. The position of the three sensors and the intersection of three spheres related to the
sensors
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As mentioned, this intersection contains only two points which are located in the two sides of
the plane xy and in front of each other. But in reality, only one of these points has a positive
height and coincides with the coordinate of a target in sky.

After this proof, we continue our discussion about the tracking. On the one hand, the target
position is achievable by using Ris, and on the other hand, the equations (25) and (26) inform
about the relation between Ris and Tis. Therefore, the target position can be determined if Ti
is known. For calculating this parameter, it should be considered as the signal’s time delay
to reach to the i-th receiver. Let’s assume the first sensor in the section (IV), is the transmitter
now, and the second sensor in there is one of the three receivers in here. By using the proposed
moment method three times, the time delay can be estimated for all the three receivers. Ti is
denoted as the estimated time delay for i-th receiver. Now, all unknowns are obtained, so the
position is easily predicted.

Finally, the target velocity should be obtained. The receivers compute three values for
Doppler, ε̂i, by the proposed moment technique. Since the transmitter and the first receiver
are at the same sensor, the velocity component along the connecting line between the target
and the first sensor is:

υ1 =
d
dt
�R1� =

C
2 ft

ε̂1, (35)

where �.� represents Euclidean norm, and R1 is the vector connecting the first sensor to the
target. C is the speed of light and ft is the frequency of the emitted signal. Using υ1, we
determine the velocity components along the connecting line between the target and two other
sensors (receivers):

υi =
C
ft

ε̂i − υ1, i = 2, 3. (36)

In the next section, there are results that compare the different methods available for
estimating the time delay and Doppler. There are also some results about tracking a target
which has a nonlinear motion. In the parameter estimation results, the proposed moment
method is compared with the methods Wigner-Ville (WV), fractional lower order ambiguity
function (FLOAF) and wavelet, and in the tracking part, there is a comparison between the
proposed method and EKF and PF ones.
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6. The results

To prove the procedures were presented in this Chapter, several different tests have been
conducted. The results are divided into two categories. At first, the proposed method
for estimating the joint time delay and Doppler is examined and compared with other
conventional methods. Then, the efficiency of this method in the tracking of the maneuver
target is also investigated.

6.1 Parameter estimation results

To estimate the time delay and Doppler parameters, the following assumptions are
considered:

• The transmitted desired signal follows a trimodal Gaussian mixture distribution presented
in equation (6) with the following mean and standard deviation related to the three modes:
σs1 = σs2 = σs3 = 1,
μs1 = 2, μs2 = 5, μs3 = 8,

And the probability distribution of the modes is considered as below:
p1 = 0.3, p2 = 0.3, p3 = 0.4 .

• The observation time of the signal is considered 1 millisecond.

• The time delay can be within the observation time of the signal, and in here, it is assumed
300 microseconds.

• Doppler value, ωε = 2πε, is a number between 0 and 2π that provides a 2π rotation for
the frequency shift. Now, Doppler is assumed 0.8π.

The test is done for different SNR values from -10dB to +10dB, and for each SNR, the operation
is performed 1000 times. The figure (4) depicts the error existed in the estimation of the time
delay for the conventional methods and the proposed moment one. This error is depicted as
MSE, calculated from 1000 times of simulation implementation, versus SNR. We have used
normalized MSE in our results:

MSE (τ̂) = E

[(
τ̂ − τ

τ

)2
]

, (37)

where τ is the actual time delay, and τ̂ is the estimated value of this parameter. The
conventional methods are WV [Chassande-Mottin & Pai, 2005], wavelet method [Niu et al.,
1999] and FLOAF [Ma & Nikias, 1996].

As shown in Figure (4), all methods are convincing in high SNRs, but in low SNRs, especially
negative ones, WV and FLOAF methods are completely unable to estimate the time delay.
Wavelet method also has relatively unsuitable results, so that it presents very little reduction
in MSE value from SNR=-10dB to SNR=0dB. But the moment method in the both high and
low SNRs provides precise answers.
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Fig. 4. MSE of estimated time delay in the conventional and proposed methods.

There is a similar observation for Doppler that is showed in figure (5). The error is also as
MSE versus SNR. In this figure, the conventional methods are WV [Chassande-Mottin & Pai,
2005] and FLOAF [Ma & Nikias, 1996].

As portrayed in figure (5), WV offers very good results in high SNRs which is expectable. But
in the low SNRs, the interaction terms are relatively large and this method fails. So in low
SNRs, FLOAF presents more suitable results in comparison with WV. Again in this figure, the
power of moment method is absolutely visible.

It is worth mentioning that the obtained results are in an unknown noise power scenario.
The moment method also can estimate the noise power. It is important that in addition
to parameter estimation, our method can also predict the noise power. This capability
helps to recognize the noise environment, and ameliorates noise encountering. To judge the
performance of the proposed moment method for estimating the unknown noise power, MSE
between the actual and the estimated noise power is portrayed in figure (6). For instance, MSE
is 10−5 in SNR 8. It means that in this SNR, we have an error between the actual noise power
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6. The results
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Fig. 5. MSE of estimated Doppler in the conventional and proposed methods.

and the value which our method has estimated for it, and the normalized mean square value
of this error is equal to 10−5.

6.2 Radar tracking results

In the following, radar tracking results are presented based on the time delay and Doppler
estimations. The original frequency of the signal emitted from the radar, ft, is considered
10GHz. A target is at cartesian coordinate (10000m, 10000m, 10000m). It moves with the
velocity vx = 10m/s, vy = 10m/s. In the first 25 sec, vz = −10 m/s and in the following
75 sec, vz=+20 m/s. At first, for SNR=+10dB, test is done for the non-recursive proposed
moment method and two recursive conventional methods: EKF [Park & Lee, 2001] and PF
[Jian et al., 2007]. The results have been traced for 100 epochs with one second interval and
can be seen in figures (7) and (8) as MSE of the estimated position and velocity.

Two points are worth noting in this figures. EKF and PF methods are recursive, so the related
curves are decreasing and at first, have not acceptable results. We need some time to have
suitable results. In vital application like military, less needed time leads us to a better real-time
system and gives the opportunity to react faster. So, a non-recursive method can be valuable.
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Fig. 6. MSE of estimated noise power in the proposed method

In addition to have a high precision, the moment method is non-recursive, trustable from the
beginning, and provides a rapid reaction.

The second point in figures (7) and (8) is the existence of a bulge around the time 25 seconds,
where the third component of the speed has changed and made a nonlinear motion. There is
no bulge in the curves relating to the moment method, because in this method, the estimation
at any time is independent from the other times, so it has no problem in nonlinear motions.
In the figures we magnify the results around time 25 seconds and show them in linear scale
to depict the bulge obviously. We cannot present all results together in linear scale, because
moment results are too small in comparison with EKF and PF results.

To further examine the ability of the proposed method, the test is done at different SNRs. The
results of this experiment is showed in figures (9) and (10). In the figures, MSE of the position
and velocity estimation is portrayed for our moment method.

In figures (7) and (8), MSE is versus time , and SNR is constant and equal to +10dB. Thus the
figures (7) and (8) show the superiority of the proposed method on the two other ones. But
in figures (9) and (10), MSE is versus SNR. The power of moment method in the low SNR is
quite satisfactory, while the other methods, the EKF and PF, either do not respond or provide
answers that are not reliable.

Finally, a necessary point should be noted. We see that our method has much better results
in comparison with other ones. The better results are not only because of using moments.
Moment method helps us as a tool to encounter the undesired signals logically. In fact, in the
first step, we recognize the environment more precisely by a suitable model of noise. Then
after the modelling, although the noise is unknown, but the moments of its model are known
and used for our estimations. So we can control the noise behaviour. This procedure cannot
be found in other methods.
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Fig. 5. MSE of estimated Doppler in the conventional and proposed methods.
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at any time is independent from the other times, so it has no problem in nonlinear motions.
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to depict the bulge obviously. We cannot present all results together in linear scale, because
moment results are too small in comparison with EKF and PF results.

To further examine the ability of the proposed method, the test is done at different SNRs. The
results of this experiment is showed in figures (9) and (10). In the figures, MSE of the position
and velocity estimation is portrayed for our moment method.

In figures (7) and (8), MSE is versus time , and SNR is constant and equal to +10dB. Thus the
figures (7) and (8) show the superiority of the proposed method on the two other ones. But
in figures (9) and (10), MSE is versus SNR. The power of moment method in the low SNR is
quite satisfactory, while the other methods, the EKF and PF, either do not respond or provide
answers that are not reliable.

Finally, a necessary point should be noted. We see that our method has much better results
in comparison with other ones. The better results are not only because of using moments.
Moment method helps us as a tool to encounter the undesired signals logically. In fact, in the
first step, we recognize the environment more precisely by a suitable model of noise. Then
after the modelling, although the noise is unknown, but the moments of its model are known
and used for our estimations. So we can control the noise behaviour. This procedure cannot
be found in other methods.
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Fig. 7. MSE of estimated position in the conventional and proposed methods for SNR=+10
dB.
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Fig. 8. MSE of estimated velocity in the conventional and proposed methods for SNR=+10
dB.
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Fig. 7. MSE of estimated position in the conventional and proposed methods for SNR=+10
dB.
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Fig. 8. MSE of estimated velocity in the conventional and proposed methods for SNR=+10
dB.
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Fig. 9. MSE of estimated position in the proposed method.

Fig. 10. MSE of estimated velocity in the proposed method.
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7. Conclusion

In this chapter, we review different novel methods in joint time delay and Doppler estimation.
Each of them has some advantages and disadvantages. The disadvantages are studied and
we find a new method which can almost obviate the most of these disadvantages. The new
method is based on moment. It exploits the time delay, Doppler, and noise effects exerted onto
the moments of the received data. The insight on the moments of the received signal is the
criteria for joint estimation of time delay and Doppler. Since the moments of the noise could
be obtained, these moments can facilitate separating the main signal from the noise even in a
severe noisy environment. So, our estimation in low SNR has suitable results. In addition, we
do not encounter with undesirable cross-terms discussed in WV method. After introducing
our estimation method, its application in Doppler radar is declared.

The estimated delay and Doppler are used in the target tracking and predicting the position
and velocity of the target in a noisy background. So it is applicable in the radar trackers. Test
results provide a plausibility of the both estimations and tracking. The estimated position
and velocity are completely accurate even in very low SNRs. The tracking can be extended
to multiple targets. Based on the features described for mono-target tracking, it is expected to
have acceptable results in multiple targets tracking. Multi tracking in low SNRs is one of the
most important roles of a Doppler radar which is reachable based on the presented method.
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Fig. 10. MSE of estimated velocity in the proposed method.
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