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Preface

Since the start of the 21 century, changes in the current and future climate have
been of greatest concern in the atmospheric and climate science communities. This
includes changes in the frequency and strength of dangerous phenomena such as
tropical cyclones. Although much research has been dedicated to this topic, there
continues to be investigations into the dynamics of tropical cyclones including the
dynamics that govern their movement. Remote sensing techniques and numerical
models continue to be key tools in these investigations. In spite of all the advances in
tropical storm research, these events continue to behave in ways that surprise us as
the last few years have demonstrated.

While there will always be those events that develop rapidly, some storms have
developed and then, sometimes unexpectedly, stalled over areas for a few days

due to the lack of strong forces to steer them. This has led to some cities or regions
being exposed to days of record setting rains or being lashed by strong winds for
24 to 48 hours. Heavy rain and flooding continue to be the most economically
damaging and disruptive features associated with land falling tropical cyclones.
There is research suggesting that in a warmer world, tropical cyclones will produce
more precipitation since warmer air will support larger amounts of water vapor.

Therefore it is important to compile and publish the latest research every so often
on recent developments in the area of tropical cyclone studies. This book includes
several contributions of importance. This work will highlight tropical cyclone
activity across the globe over the last decade and put this activity in the context

of the previous 30 years. For the first time, all the major ocean basins have four
relatively complete decades of tropical cyclone frequencies and good estimates of
intensity. This work will show that the activity of the most recent decade is mostly
similar to the decade before. Globally, the number of tropical cyclones has increased
over the last four decades, but these increases are not statistically significant.
Additionally, the increases were uneven across each ocean basin, and some such as
the south Pacific have shown decreases.

In atmospheric science, there are several observational and model datasets that can
be used in the study of tropical cyclones. The observational datasets are augmented
by remotely sensed data. This work examines a couple of the most commonly used
datasets and examines the precipitation and hydrology as well as the atmospheric
dynamics. One study (Liu et al.) will demonstrate, using case studies, that different
results will be obtained using datasets that may assimilate information from
different platforms. For example, some of these datasets can produce a wet bias

in their results. This study describes three main datasets and gives details with
respect to data access, documentation, and user services as well. Another study
(Guimardes) evaluates models that are part of the Coupled Model Intercomparison
Project Phase 6 (CMIP6) and using the quantity Accumulated Cyclone Energy
(ACE) with respect to recent climate and what the results mean to the future. This
study compared model performance to the current observations, and then examined
the future. There was no obvious trend for future scenarios of ACE, and no clear
majority of increases or decreases of this quantity by different modeling groups.



While many studies examine the synoptic and dynamic features associated with

the growth of tropical cyclones or their landfall, relatively few (Fedorova et al.)
examine several case studies of weaker storms near the equator that give rise to fog
and mist events over Northeast Brazil. These events can have serious consequences
for aerospace operations. In these cases, it was found that the tropical cyclones or
disturbances do not come ashore directly, but it is the indirect influence caused by
secondary circulations that lead to the formation of fog and mist events. Also, tropical
cyclones such as tropical storms and hurricanes generally emerge from tropical
disturbances. Over the Atlantic region these disturbances occur with some regularity
emanating from formation regions over Africa (African Easterly Waves — AEWs).
Reyes and Shen use this quasi-periodicity to develop algorithms to forecast their
occurrence using recurrence theory. These results show some promise in extending
the lead time for the forecasting of the tropical cyclone “seeds”

Other parts of the world, such as the countries of the Northwest Pacific, are also
vulnerable to the occurrence of tropical cyclones. A review by Wu and Conde
summarizes the previous research done by the authors and collaborators involving
the response of coastal ocean dynamics to tropical cyclone occurrence for variables
such as sea surface temperature, sea surface salinity, storm surge simulation,

and extreme rainfall. They also propose three research paths for future work

that involves observational, dynamic, and model studies in order to improve the
understanding of the future threat these regions may face due to tropical cyclones.

Satellite techniques are often used to determine the intensity of tropical cyclones
using the area of cold cloud tops near the center as well as storm feature shapes as
determined using visible or infrared imagery (the Dvorak technique). The work
of Yurchak proposes using the character of the spiral rainbands as derived from
not only satellite techniques, but augmenting this with ground and aircraft-based
RADAR to determine the shape of the spiral bands. This information can be used
to develop a hyperbolic-logarithmic streamline equation that ultimately relates the
model to maximum wind speed.

Lastly, it was a pleasure to edit this book and work with all the authors and the staff
of IntechOpen. The process was rather smooth. I am grateful to all the authors for
their contributions, and the staff at IntechOpen for their hard work in keeping the
process moving along. This is the third such project that I've been involved with
and the experience has been good each time. Finally, it is my hope that the tropical
meteorology community finds this book to be a useful resource for augmenting
their own studies as well as providing a basis for future research.

Anthony R. Lupo

Atmospheric Sciences Program,

School of Natural Resources,

302 Anheuser Busch Natural Resources Building,
University of Missouri,

Columbia, MO, USA
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Chapter 1

The Interannual and Interdecadal
Variability in Tropical Cyclone
Activity: A Decade of Changes in
the Climatological Character

Anthony R. Lupo, Brendan Heaven, Jack Matzen
and Jovdan Rabinowitz

Abstract

During the last decade, there has been concern that the frequency or intensity of
tropical cyclones (TCs) has increased. Also, climate models have shown varying
results regarding the future occurrence and intensities of TC. Previous research
from this group showed there is significant interannual and interdecadal variability
in TC occurrence and intensity for some tropical ocean basins and sub-basins. This
work examines global TC occurrence and intensity from 2010 to 2019 and compares
this period to the same quantities from 1980 to 2009. The data used here are
obtained from publicly available TC archives. Globally, the number of TC occurring
over the latest decade is similar to the previous decade. However, while the 40-year
trend shows an increase in TC, only intense hurricanes have shown an increase. The
Atlantic Ocean and North Indian Ocean Basins show increases in TC activity,
especially intense storms. The Southern Hemisphere and West Pacific Region show
decreases in TC activity. In the West Pacific, intense TC did not increase, but the
fraction of storms classified as intense increased. Only East Pacific TC activity
showed no significant short- or long-term trends. Interannual and interdecadal
variability in each sub-basin was found and there were some differences with
previous work.

Keywords: tropical cyclones, climate change, variability, ENSO, intensity, PDO

1. Introduction

A decade ago, Lupo [1] found no statistically significant long-term trends in
global tropical cyclone (TC) activity or in many of the regional basins, although
detailed records for some parts of the globe (e.g., the Southern Hemisphere) have
only been available since about 1980. This study looked at time series of varying
lengths within each ocean basin. This same work showed that there was interannual
variability in TC occurrences and intensities found in most ocean basins. However,
there was little statistically significant interannual TC variability during the nega-
tive or cold phase of the Pacific Decadal Oscillation (PDO), but interannual TC
variability with respect to El Nino and Southern Oscillation (ENSO) was enhanced
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during the positive or warm phase of the PDO. Lupo [1] also showed some
interannual variability in the length of the TC season in different basins as well.

Others (e.g., [2], and references therein) found significant interdecadal TC
variability in the Atlantic Region as related to teleconnections such as the North
Atlantic Oscillation (NAO) or the Atlantic Multidecadal Oscillation (AMO), and
relate these to a relative minimum in this region’s TC activity in the late twentieth
century and a sharp increase in TC activity for the early twenty-first century. These
results were consistent with the results of Lupo [1]. Camargo et al. [3] examine the
climatological character of TC including long- and short-range variability in each
ocean basin as well. This work is a comprehensive review of those that relate TC
activity to intraseasonal phenomena such as the Madden Julian Oscillation (MJO),
ENSO, the Quasi-biennial Oscillation (QBO), and others.

Since Lupo [1], others have published results showing that there have been more
recent increases in the number of stronger storms in both the Atlantic (e.g., [4, 5])
and the West Pacific basin [6]. The latter showed this trend has been occurring
since 1998, but others have demonstrated that the trend has been present in the
West Pacific since the 1970s (e.g., [7]). Globally, several studies (e.g., [8, 9]) have
demonstrated an increase in the most intense storms and/or the associated precipi-
tation rates [10]. The latest published study [11] examined the global frequency of
intense TC from 1979 to 2017 and found statistically significant increases as well.
Some have noted that these increases in intense TC are associated with basin-wide
changes in the sea surface temperature patterns (e.g., [6]). Others (e.g., [12])
examined the rapid intensification of TC over the Atlantic Region during the latter
part of the 20th century as related to climate variability and trends. Additionally,
the IPCC [4] fifth assessment report demonstrated no general agreement about
the relative contribution of natural and anthropogenic forcing to changes in TC
intensity.

The focus on the most intense TC during the last decade is likely due to the fact
that many climatological studies have established well the general character of TC
climatologies in the world’s ocean basins. Additionally, the contributing dynamics
to TC formation, development, and decay are well known (e.g. [3, 13, 14], and
references therein). At the turn of the twenty-first century, tropical cyclone (TC)
activity and how this may change in the future were of great interest to the atmo-
spheric science community (e.g., [15, 16]). Furthermore, there is interest in the
observed and potential increase in rainfall rates [10]. Increases in intensity and
rainfall rates could threaten vulnerable coastal areas.

The consensus of several global and regional scenarios for TC activity continues
to project that the annual frequency will remain similar to today or decrease
throughout the twenty-first century, but the intensity will increase (e.g., [4]). This
may be due to projected decreases in strong tropical convection, although the
confidence in this particular projection is lower. Additionally, these TC projections
have been identified as uncertain since high-resolution simulations struggle to ade-
quately capture TC occurrence and intensity [17, 18]. Also, the actual count of TCs
is dependent on the different detection methods [19].

However, as discussed above with reference to Lupo [1] and further in that
publication, the available time series across each region of the globe is uneven, and
the ability to observe TC has continuously improved. There have even been changes
in the instrumentation during satellite era and some studies (e.g., [20]) were able to
homogenize the most recent satellite-derived data in order to analyze trends in TC
occurrence and intensity. Also, changes in the techniques used to determine TC
character and intensity have occurred as well (e.g., [21-23]).

The goal of this work is two-fold. The first is to examine the latest decade in TC
activity in order to determine if there have been any major changes in global,
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regional, or subregional TC frequency since Lupo [1]. The activity of the latest
decade will be placed into the context of previous activity going back to 1980 and
recent studies where available. By going back to 1980, this work will present the
occurrence and intensity of TC in every ocean basin (and sub-basin) where they
occur over four decades and this work is one of only a few thus far (e.g., [11]). TC
intensity was not available for all ocean basins until approximately 1980 (e.g., [1]).
The techniques used here are the same as those found in Lupo [1] and earlier studies
in order to facilitate comparisons to these older studies published by this group. The
second will examine TC activity with respect to interdecadal variability, and in
particular the PDO, in each region in order to determine whether the results of Lupo
and Johnston [16] and Lupo [1] remained intact. While the examination of
interannual and interdecadal variability of TC is not unique, the study of these
quantities over the entire globe and in each TC basin and sub-basin for this recent
40-year period is the first as far as the authors are aware.

2. Data and methods

The data and methods are similar to those used in Lupo [1] and references
therein, and more detail regarding some of these subjects can be found there. This
study will examine all the globe’s ocean basins and includes tropical storm occur-
rences as well. The global ocean basins (Figure 1) are as follows: the North Atlantic,
East Pacific, West Pacific, North Indian, Southern Hemisphere (includes South
Indian and the South Pacific), and the South Atlantic. Following Lupo and Johnston
[16] and Lupo [1], the North Atlantic was divided into west and east along 45°W.
The East Pacific is divided along 125°W and 20°N as in Collins [24, 25], while the
West Pacific is divided up into 140°E and 20°N following Lupo [1]. The Indian
Ocean in the Northern and Southern Hemisphere is divided into west and east along
75°E. The southwest and southeast Pacific are divided by 180° longitude. Both the
Indian and SH sub-basin divisions followed Lupo [1]. TCs were assigned to the
basin and sub-basin in which they first reached tropical storm status. A study of the
background atmospheric and oceanic variables contributing to TC formation is not
performed here as it is beyond the scope of this work.
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Figure 1.

The globe with the borders of each subregion for the North Atlantic (G = Gulf of Mexico, and C = Caribbean),
East Pacific (125°W 20°N), West Pacific (140°E 20°N), northern Indian (75°E), and southern hemisphere
(75°E in the Indian and 180° in the Pacific).
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2.1 Data

The TC occurrence and intensity data for all basins since 1980 were
downloaded via the UNISYS website (http://weather.unisys.com), although these
data can also be found in the National Hurricane Center (NHC) or the Joint
Typhoon Warning Center (JTWC) archives (e.g., [21]). The TC data since at least
1900 can be found in the International Best Track Archive for Climate Steward-
ship (IBTrACS) or the best track data archive [26, 27]. A description of these data
sets and their reliability can be found in references, such as Landsea [28], Knapp
et al. [26], or Kossin et al. [20]. Here, we use the term TC to include both
hurricanes and tropical storms (TSs) following Lupo et al. [29] and references
therein. TS refers only to those entities that obtained maximum wind speeds
between 35 and 64 kt. The year 1980 was chosen for this study in order that time
series of the same length can be compared across the globe since TCs were not
categorized in the Southern Hemisphere until that year (see [1]). Also, TC data
sets from before the satellite era may be missing TC occurrences that went
undetected by ship or aircraft (e.g., [30]). Additionally, this study will compare
and contrast briefly the most recent four decades with those previous to 1980 (see
[16]) where those data exist (Atlantic Region and West Pacific Region). Hurricane
intensity was rendered using the maximum wind speed attained during the lifetime of
the storm. However, since wind speed data have relatively large measurement error,
the Saffir-Simpson [31] hurricane intensity scale values were used here. In order to
further eliminate problems with some of the data as discussed in Lupo and Johnston
[16] and later studies, we combined hurricane intensity categories (Category 1 and
2—weak; Category 3, 4, and 5—intense) following Landsea [28].

2.2 Methodology

Arithmetic means and correlations were analyzed, and means were tested for
statistical significance using a two-tailed z-score test, assuming the null hypothesis
(e.g., [32, 33]). Intensity distributions were also tested using a y” statistical test.
These distributions were tested using the total sample climatology as the expected
frequency and a subperiod as the observed frequency. The y” test was used to test
the intensity distributions (TS and Category 1-5) of the most current decade against
those of the previous 30 years as well as to examine the interannual or interdecadal
variability of intensities. It has been hypothesized that using the climatological
frequency as the “expected” frequency is more appropriate than using an approxi-
mated distribution since such analytical distributions (e.g., Poisson distribution)
may not adequately represent real-world distributions (e.g., [34]). It should be
cautioned that while statistical significance reveals strong relationships between
two variables, it does not imply cause and effect. Conversely, relationships that are
found to be strong, but not statistically significant may still have underlying causes
due to some atmospheric forcing process or mechanism (e.g., [34]). The long-term
trends were tested for statistical significance using analysis of variance techniques
(ANOVA) and in particular the F-test [32, 33].

The following descriptions can be found also in Lupo and Johnston [16]. The
data were stratified by calendar year in the Northern Hemisphere (NH). In the
Southern Hemisphere (SH), the tropical cyclone year is defined as the period
beginning on July 1 and ending on June 30. For example, July 1, 2018 to July 1, 2019
was defined as 2019 since the majority of the SH TC season takes place from
approximately December through April. We then analyzed the annual and monthly
distributions of TC occurrence in order to find trends in TC season length or both
the total sample and each intensity category.
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2.3 Interannual and interdecadal variability

The Japan Meteorological Agency (JMA) El Nino and Southern Oscillation
(ENSO) Index was used in this study. A list of El Nifio (EN), La Nifia (LN), and
Neutral (NEU) years used here are shown in Table 1. A description of the JMA
ENSO Index can be found on the Center for Oceanic and Atmospheric Prediction
Studies website (http://coaps.fsu.edu/jma.shtml) hosted by Florida State Univer-
sity. In summary, this index is widely used (see [35]) and is defined by the long-
term running mean sea surface temperature (SST) anomalies from the Nifio 3 and
3.4 regions in the central and eastern tropical Pacific (e.g., [36]). The SST anomaly
thresholds used to define EN years are those greater than +0.5°C, less than — = 0.5°C
for LN years, and NEU otherwise. The JMA ENSO criterion defined the EN
year as beginning on October 1 and ending on September 30. For example, ENSO
year 1982 began on October 1, 1982 and ended on September 30, 1983. This
definition, however, was modified here so that the EN year commenced with the
initiation of the NH hurricane season (approximately June 1) following Lupo and
Johnston [16] and used in Lupo [1]. This modification was necessary since EI Nino
conditions typically begin to set in well before October 1, and the period August
to October is close to the climatological peak of the hurricane season for the NH.
No modification was needed for the SH. Additionally, while the JMA ENSO Index is
more sensitive with the definition of LN than other indexes, it is less sensitive
overall [37].

The Pacific Decadal Oscillation (PDO) is a 50- to 70-year oscillation described in
the late twentieth century (e.g., [38, 39]) within the Pacific Ocean basin. We define
the epochs of the PDO as found in Lupo et al. [35] and these are also cataloged at
COAPS. The positive phase persisted from 1977 to 1998, while the negative phase
has persisted since 1999. The most recent negative phase encompasses the most
recent two decades, while the decades of the 1980s and 1990s are largely character-
ized by the positive phase. Where the data exist before 1980 (the Atlantic and
western Pacific Regions), we can use the results of Lupo and Johnston [16] to
characterize the negative PDO years from 1947 to 1976.

An in-depth discussion is found in Lupo [1] describing why these two
teleconnections were used primarily to define interannual and interdecadal vari-
ability, in spite of the fact that many studies (e.g., [2, 3], and references therein)
have shown for example that variability in the Atlantic Ocean Basin can be linked to

EN NEU LN
1982 1979-1981 1988
1986-1987 1983-1985 1998-1999
1991 1989-1990 2007
1997 1992-1996 2010
2002 2000-2001 2017
2006 2003-2005
2009 2008
2014-2015 2011-2013
2018 2016

2019

Table 1.

The list of ENSO years as found in Lupo et al. [35] and references therein.
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teleconnections there. While the NAO-related variations in TC activity can make
interpretation of PDO-related hurricane variability more difficult, there is substan-
tial overlap between the PDO and the interdecadal modes of the North Atlantic
Oscillation (NAO) [35]. Nonetheless, ENSO is a main driver of interannual TC
activity in many ocean basins as demonstrated by many studies (e.g., [3]), and since
PDO can be shown to modulate ENSO behavior, the focus here will be on these
teleconnections.

3. Global tropical cyclone activity from 2010 to 2019
3.1 A comparison of tropical cyclone activity since 1980

In Lupo [1], tropical cyclone activity was examined within each ocean basin over
different time periods. Here tropical cyclone activity since 1980 only was examined
for each ocean basin and globally (Table A1). Globally, there has been no statisti-
cally significant trend in overall TC activity over the last 40 years and this is
consistent with recent studies (e.g., [4]) (Tables Alf and 2, Figure 2a and b).
There was also no significant difference in the TC intensity distributions when
comparing those of the most recent decade versus the 1980-2009 period. A note-
worthy change implied in the global data set was an increase in tropical storm
activity since 2000 at the expense of weaker (Category 1 and 2) hurricanes. How-
ever, the most recent decade (2010-2019) did not show appreciable changes
worldwide when compared with the previous decade (2000-2009) or with the
1980-2009 period. There was, however, a significant upward trend in the number
of Category 3-5 and 4-5 storms significant at the 99% confidence level (Table 2)
consistent with Elsner [6, 10], or Kossin et al. [11].

An examination of each ocean basin demonstrates that only the ATL (Table Ala
and Figure 2c and d) and NIND (Table Ald and Figure 2i and j). Regions experi-
enced statistically significant increases for the trend in hurricane activity (at the
95% and 99% confidence levels, respectively) and total TC activity (at the 99%
confidence level in both regions) (Table 2). Both regions showed slightly more
activity in the most recent decade (2010-2019). Testing the distribution of TC
intensities in both regions showed no statistically significant difference between the
distribution of these for the most recent decade versus 1980-2009 using the y” test.
However, the ATL increases are most notable in the tropical storm category
(Table Ala), but with little change in the weak hurricanes. In the NIND Region,
however, these increases were noteworthy only for the number of hurricanes,
especially major hurricanes (Category 3 and 4). In both of these regions, the
increase in the trend for major hurricanes categories was significant at the 99%
confidence level. A comparison to Klotzbach and Gray [2] or Lupo [1] showed that
the ATL Region trends found here are consistent with those found for the late
twentieth or early twenty-first century identified in those publications. Thus, this
region has a longer history of increasing activity. In Lupo [1], the NIND Region
showed little trend in TC activity. The upward trends in all categories for the NIND
noted here (Table 2) could be a real phenomenon or a function of better detection
and classification.

The increases were offset by overall decreases in the WPAC (Table Alc and
Figure 2g and h) and SHEMI Regions (Table Ale and Figure 21 and k), which
would show decreases, but only the decrease in WPAC hurricanes and SHEMI total
TC were significant at the 99% confidence level (Table 2). Both regions were less
active in the most recent decade (2010-2019). In the WPAC (Table Alc), the
results found here were complex but contradict the results cited in section one.
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Figure 2.

Th%’uannual occurrence of (a) and (b) global, (c) and (d) Atlantic, (e) and (f) East Pacific, (g) and (h) West
Pacific, (i) and (j) Novth Indian, and (k) and (1) Southern hemisphere tropical cyclones (left) hurricanes
(right) from 1980 to 2019. The orange line is the linear trend line in each figure. The abscissa is years and the
ordinate is annual occurrence.
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ATL EPAC WPAC NIND SHEMI Globe
TS + Hur 0.202" —0.003 —0.044 0.039” —0.102" 0.129

Tot Hur 0.056" —0.023 -0.114" 0.040" —0.044 —0.085
Cat 3-5 0.043 0.007 —-0.007 0.029” 0.044 0.117"
Cat4-5 0.032" 0.034 0.030 0.017" 0.088" 0.202”

The value given is the slope of the trend line. Statistically significant values ave bold, while those marked with a *, **
are significant at the 95%, 99% confidence level, respectively.

Table 2.
A summary of the statistical significance for trends within each ocean basin.

Examining the major hurricanes, the trend was downward for the Category 3-5 TC,
but upward for the Category 4-5 results. Neither trend was statistically significant
(Table 2), and the significant downward trend was noteworthy in TC Category 1-2
(not shown). While this does not agree with studies like Zhao et al. [6], who have
found an increase in intense TC over the WPAC, the decrease in weaker TC means
that a greater percentage of WPAC TC was in the major category. During the past
two decades, about 60% of TC were classified as major compared to 50% in the two
decades prior to those (see also [1]). In spite of a greater ratio of more intense TC in
the WPAC, the intensity distributions were not significantly different in either
region when testing the intensity distributions.

In the SHEMI, the number of total TCs has decreased significantly, but the
number of Category 3-5 and Category 4-5 TCs increased and these trends were
significant at the 95% and 99% confidence level respectively (Table 2). The overall
decrease was driven by decreases in the number of TS and a decrease in Category
1-2 storms (Table Ale) significant at the 99% confidence level (not shown). The
2010-2019 decade showed decreases overall and in the number of hurricanes from
the previous decade (2000-2009), and this decade was less active than the last
decades of the twentieth century (Table Ale). The most recent decrease continued
the overall decrease found in Lupo [1]. As for the WPAC however, the percentage
of major hurricanes was higher (55%) for the early twenty-first century compared
to the late twentieth century (43%).

The EPAC Region showed very little trend throughout the period (Table Alb,
Figure 2e and f) in any category, including no statistically significant trend in the
major hurricane categories (Table 2). This result is similar to that of Lupo [1].
However, it was clear that the 2010-2019 period in the EPAC was more active than
the previous two decades suggesting interdecadal variability. This will be studied
below. Additionally, testing the distribution of TC intensities for this region shows

a) EPACTC Intensity 1980 - 2009 b) EPACTC Intensity 20100- 2019
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Figure 3.
The TC intensity distributions in the EPAC region for (a) 1980-2009 and (b) 2010-2019. The abscissa is TC
intensity and the ordinate is annual occurrence.
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that the distribution of TC from 2010 to 2019 was similar to that for the period 1980-
2009 at the 95% confidence level when using the y” test (Figure 3). This is the only
region in which the distributions were similar to an acceptable degree of confidence.

3.2 Interannual and interdecadal variability

In this section, the 2010-2019 results are partitioned by ENSO phase in order to
compare these results to those of Lupo [1] and Lupo and Johnston [16]. As shown in
Lupo et al. [35], this most recent decade was still classified as a negative PDO. Thus,
to examine interannual variability, a comparison was made to the previous decade
and interdecadal variability was examined by comparing to the decades of the 1980s
and 1990s (Table A2). These decades were primarily positive PDO years (1977-
1998). This study also provides an opportunity in some ocean basins to compare to
the previous negative PDO epoch in order to determine whether the current nega-
tive PDO epoch is comparable or if there are differences that may be due to
enhanced satellite coverage or if these differences could be physical. The results
here were also compared by sub-basin within each global region.

An examination of the Atlantic Region activity (Table A2a) demonstrates that
there were more TCs observed during LN and NEU years during the latest decade,
and this activity was consistent with that of the previous decade. A comparison to
the activity during the 1980s and 1990s demonstrated that while there were more
TCs overall (significant at the 95% confidence interval when testing the means), the
ENSO variability was similar. During each decade, EL years were 30% (or greater)
less active than during other years. Thus, there was no significant difference
between ENSO variability across the positive phase of the PDO and the current
negative phase in spite of a more active negative PDO phase when testing the means
in Table A2a. Previous studies (e.g., [1]) showed similar results, with the exception
that the negative PDO phase showed weaker ENSO-related variability. Addition-
ally, the ENSO variability with respect to TC intensity distributions was similar in
that the comparison of the EN years to all years in each phase of the PDO (Figure 4)

a) ATLTC Intensity PDO+ b) ATLTC Intensity EN

1 2 3 T8 1
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¢) ATLTC Intensity PDO- d) ATLTC Intensity EN
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Figure 4.
The TC intensity distributions for (a) all PDO+ TC, (b) all PDO+ EN TC, (c) all PDO — TC, and (d) all
PDO — EN TC in the ATL region.
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and these were similar at the 90% confidence level. The LN year distributions were
different from either the EN years or those overall, but not at standard levels of
significance.

A comparison of Table A2a to the results of Lupo and Johnston [16] demon-
strated that both the current (since 1999) and the previous (1947-1976) negative
PDO epoch were more active than the positive PDO epoch (1977-1998). This result
is similar to that of Klotzbach and Gray [2], who also show the mid-twentieth
century and early twenty-first century were more active times for TC occurrence in
the Atlantic Region compared to the latter twentieth century. This also supports the
contention of overlap between multi-decadal epochs of the PDO and Atlantic
Region teleconnections described in Section 2.3. However, in Lupo and Johnston
[16], the number of TCs reaching hurricane strength did not vary at all with respect
to ENSO from 1947 to 1976. Their study did not include tropical storms. Thus, it
would be difficult to state with certainty that the difference between the results
above and the Lupo [1] study are real as they may be a result of not counting TS in
the earlier study or the lack of satellite observations. The non-count of TS is
supported since if TSs are not included in the current negative PDO period, the
ENSO variability in this phase is much weaker.

An examination of the regional occurrence of TC within the Atlantic over the
latest decade (Table A2a) demonstrates that the western Atlantic is the most active
sub-basin and that the ENSO variability within this region is minor. The Gulf and
Caribbean sub-basin TC activity was also unchanged as EL years are much less
active in these two areas. These results agree with the previous studies from this
group and others (see [3]). The only substantial difference between the results
presented here and the previous results was that the eastern Atlantic was signifi-
cantly more active (at the 99% confidence level) even when considering the small
sample size. This may be due to increased SSTs over this part of the Atlantic during
the last decade (e.g., [40]). A comparison of the length of the TC season (not shown
here) to previous results [1] would demonstrate that the Atlantic Region TC season
may be beginning about 2 weeks earlier than June 1 as TCs were observed in May
for 5 of the 10 years during this decade.

In the East Pacific Region (Table A2b), the most recent decade shows ENSO
variability that is opposite of the Atlantic Region, in that there are more TCs during
EL years than during LN years due to the warmer sea surface temperatures there.
This is similar to Collins [24] or Lupo [1]. There was also little difference in TC
numbers across the positive and current negative PDO epoch, and their intensity
distributions were similar, a result significant at the 95% confidence level (as in
Figure 3). When taken together, the first two decades of the 40-year period show
ENSO variability similar to the latter two decades in that there were about 30-35%
fewer TC in LN years. When testing the means, this result was statistically signifi-
cant at the 95% confidence level. Testing the TC intensity distributions demon-
strates that LN years were similar to the overall distributions at the 95% confidence
level during both phases of the PDO in a manner similar to Figure 3. Even the EN
year TC intensity distributions are similar to the overall intensity distribution in the
positive PDO phase at the 90% confidence level. Only the EN years TC intensity
distribution during the negative phase of the PDO was different from the overall
distribution, but not at statistically significant levels.

In Table A2b, it is apparent that the East Pacific Region is dominated strongly
by activity in the southeast quadrant and this has not changed across any decade or
PDO epoch. TC occasionally form further up the Central American and North
American coast in the northeast quadrant, but only during LN and NEU years,
while TC formed rarely in the northwest quadrant. The southwest quadrant TC
activity did account for about 16% of the East Pacific Region activity and the ENSO
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variability in this quadrant was similar to the previous decades and also similar to
that of the southeast quadrant (e.g., Camargo et al. [3] and references therein). The
only difference is that the most current decade showed stronger ENSO variability,
but this was not statistically significant. Finally, there was no appreciable change in
the length of the East Pacific TC season.

As shown above, there has been a decrease in West Pacific hurricanes.

Table A2c confirms that the TC activity of the most recent decades is less than that
of the previous three decades, which can be assumed to be real since satellite
coverage has been comprehensive since 1980. However, it is difficult to attribute
this decrease to interdecadal variability when comparing to Lupo [1] since the TC
activity from the 1940s through the 1970s occurred during an era with less satellite
coverage. This same study concluded that there was no significant West Pacific
Region interdecadal or interannual variability. Overall, LN years were 20% less
active than EN years from 1980 to 2019. For this period and region, this is signifi-
cant at the 95% confidence level. Thus, there is a strong correlation between the
interannual variability within this region and the East Pacific Region (e.g., [3]). An
examination of the TC intensity distributions (Figure 5) shows that the distribution
of negative and positive PDO is similar at the 90% confidence level using the x” test.
This is also true for the EN year TC distributions in relation to the intensity distri-
butions for the positive or negative phase of the PDO (Figure 5).

Table A2c also demonstrates that the occurrence of TC by quadrant in the West
Pacific over the most recent decade was similar to that found in the earlier decades
and Lupo [1]. In short, the southwest quadrant is the most active and shows only
marginal (insignificant) interannual and interdecadal variability. The southeast
quadrant is associated with 30% less TC activity than the southwest, but very strong
(statistically significant at the 95% confidence level) ENSO variability. There were
two to four times more TCs in the southeast quadrant during EN years, a result that
agrees with many studies (e.g., [1, 3]). The recent decreases noted above for the
West Pacific Region overall was distributed among the four sub-basins, though as a
percentage, the decrease was largest (approximately 35% less) for the northeast
quadrant. Additionally, the active southeast quadrant in the West Pacific during EN

a) WPACTC Intensity PDO+ b) WPAC Intensity EN
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Figure 5.
As in Figure 4, except for the West Pacific region.
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years combined with the active southwest quadrant for the East Pacific supports the
conclusions of Camargo et al. [3], Lupo [1] and others in that during El Nino years,
the Pacific is active across the basin for EN years, while during LN years activity
was centered closer to their respective quadrants for both regions. Like the East
Pacific, there was no significant change noted in the length of the TC season here
(not shown).

In the North Indian Ocean Basin, there was an increase in the number of TC
occurrences as shown above, and Table A2d suggests that this was driven primarily
by increases in the western Indian Ocean Region including the Arabian Sea. This
includes the number of major storms. Since the regional classification for the inten-
sity of these storms began in 1977, there is no need to compare this region or the
Southern Hemisphere results (this region began reporting intensity in 1980) to
earlier results. Table A2d also demonstrated that EN years were slightly more
active than other years, and this is opposite that of the previous three decades. Thus,
there are no conclusions that can be drawn about ENSO variability, nor about the
interdecadal variability. However, Ng and Chan [27] showed that there was
strong variability on the 5-year timescale in this region linked to the Indian Ocean
Dipole (IOD).

An examination of TC intensity distributions (not shown) shows that regardless
of how the results are stratified in the North Indian Ocean Region, the distributions
are similar to the overall distribution at the 95% confidence level or higher. The only
exception was the distribution of TC intensities in LN years during the positive
phase of the PDO were different, but not at standard levels of significance. The
reason for the lack of variability in TC intensities in this region may be the less
frequent occurrence of storms in this region. Finally, there was no change in the TC
season here (not shown) and this was identical to the results of Lupo [1] and
references therein who showed that this region possessed a double peak in activity
(May-June and October-December), which is associated with the annual migration
of the Intertropical Convergence Zone.

The decrease in Southern Hemisphere variability shown in Table A2e for the
most recent decade (2010-2019) continues the trend identified when comparing
2000-2009 or the previous two decades. Like the NIND Region, there are too few
years to attribute these decreases to interdecadal variability as of yet. When exam-
ining the sub-basins, the decreases over the past two decades were primarily the
result of fewer TC in the East Indian Ocean and to a lesser extent over the southwest
Pacific. Additionally, during this decade, the TC season extends from October to
April, which is similar to the previous decades [1]. Lastly, an examination of the
distribution of TC intensities for the positive versus negative PDO demonstrated
the distributions were different, but not at standard levels of significance.

The overall interannual variability during the most recent decade showed more
TC during EL years, which was counter to the results of the previous three decades
(Table A2e). This variability, however, was not significant at acceptable levels of
confidence. Lupo et al. (2011) found weak ENSO-related variability, which was
marginally significant with more TC occurring during LN years. Examining the sub-
basins exposed an error in assigning the ENSO year in Lupo [1] (see their Table 17)
for these values only. The overall results were consistent between this study and the
Lupo’s [1] study. The distribution of TC intensities during EN and LN years com-
pared to the negative PDO years showed these distributions were similar at the 99%
and 95% confidence level, respectively. During PDO positive years, the same com-
parison showed similarity at the 95% and 90% confidence level, respectively (not
shown).

A discussion of the SHEMI sub-basin results (Table A2e) demonstrates that TC
numbers in the West Indian Ocean Basin demonstrate the most current decade was
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slightly more active than the previous 30 years. EL years were more active over all
decades than LN years observing nearly double the TC activity. This is then oppo-
site to what was reported by Lupo [1] as that study reported more TC in LN years.
The East Indian Ocean Basin saw the largest decreases as in the previous 30 years, as
11.3 TC events per year were reported. Here, the results show that for the latest
decade only 7.7 TCs per year were observed, representing a decrease of about 33%.
This was nearly equal to the total decrease in SEMI TC overall. More importantly, in
the previous 30 years, LN season TC outnumbered EN season TC by more than two
to one. For the latest decade, LN years experienced only 20% more TCs per season.
This preference for LN years as in the West Indian Ocean Basin was of the opposite
sense reported in Lupo [1]. However, the results presented here now agree with
results for the East Indian and West Pacific numbers reported for these regions in
earlier studies (e.g., [3], and references therein).

Only in the southwest Pacific were the observed TCs and their interannual
variability in the current decade consistent with those of the previous 30 years,
showing a slight preference for LN years. Thus, the coding error of Lupo [1] did not
have a major impact on the results reported for this sub-basin only. The southeast
Pacific was the least active TC region of the SHEMI outside of the South Atlantic,
and the occurrences of TC in the latest decade were consistent with the previous
three. The latest decade showed only a slight preference for TC occurrences in EL
years, and this was consistent with the three previous decades except that the
previous decades saw stronger disparities between annual TC occurrences in EL
years versus LA years. The ENSO variability in this sub-basin was opposite to what
was reported in Lupo [1].

Globally, there were 79.5, 90, and 92 TCs that occurred during LN, NEU, and EN
years, respectively, during the last decade. This compares to 82, 91.3, and 85.7 TCs
occurring during these years over the previous decade, respectively. The compara-
tive numbers for the 1980-1999 period revealed there were 83.3, 88.8, and 85.6 TCs
that occurred per LN, NEU, and EL year, respectively. Thus, the most recent decade
demonstrates slightly different ENSO variability from that of the previous three
decades, but this difference is not statistically significant. Over the entire 40-year
period, these TC occurrence numbers were 81.8, 89.7, and 87.4, during LN, NEU,
and EN vyears respectively.

4. Summary, discussion, and conclusions

In this chapter, the global tropical cyclone activity for 2010-2019 was examined
and compared firstly to the TC activity of the previous decade (2000-2009) and then
to those occurring from 1980 to 1999. By doing so, we compared the results here to
the previous results reported in works such as Camargo et al. [3] or Lupo [1]. The
data sources used here were the same as those used in that study. The definitions for
the TC season, basins, sub-basins, and internannual and internannual variability were
identical to those used in Lupo and Johnston [16] and Lupo [1]. The statistical tests
used here can be found in standard statistics text books.

Global TC activity in general during the latest decade was very similar to that of
the previous decade and within most sub-basins there were broad similarities as
well. However, this study found some key differences from Lupo [1]. The following
results are new here.

These are:

* Globally, there were no statistically significant increases or decreases in overall
global TC activity although the trend in the number of storms has shown
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increases. The number of intense storms (Category 3-5) showed a statistically
significant increase over the 40-year period similar to IPCC [4], Kossin et al.
[11], and others. The number of TSs also increased, but this was not statistically
significant. These increases in these TCs were found in most global basins.
Only the number of Category 1 and 2 storms decreased, especially since 2000.

In the ATL Region, the number of TCs during 2010-2019 was similar to 2000
2009. The overall 40-year trend was upward in the total number of TCs,
hurricanes only, and intense hurricanes. These were all statistically significant.
The interannual variability over the latest four decades was similar in that there
were more TCs during LN years (about 30% more). Additionally, the ATL TC
season during the 2010-2019 period started about 2 weeks earlier than the
previous decades, while the eastern Atlantic observed an increase in TC activity.

While the intensity distributions were different when comparing negative and
positive phases of the PDO, this result was not statistically significant. Also, the
distributions of LN and EN TC intensities were compared to the total sample
within each phase of the PDO, and the EN intensity distributions were similar
at the 90% confidence level.

In the EPAC, few differences in the climatological character of TC were noted
when compared to Collins [24, 25] or Lupo [1]. When comparing the TC
intensity, distributions for each phase of the PDO or with respect to ENSO
showed that these distributions were similar at standard levels of significance
except when comparing the distribution of EN year TC intensities to the
distribution of positive PDO TC.

Other studies showed significant increases in the number of intense TCs within
the WPAC. Such an increase was not found here, but significant decreases in
the number of Category 1and 2 storms resulted in an increase in the proportion
of WPAC TCs classified as intense. The decrease in the number of TC basin-
wide was distributed approximately evenly across each quadrant. In this
region, the TC intensity distributions were similar for each phase of the PDO at
the 90% confidence level. This same result was found when comparing EN
year TC intensities to the total distribution in each PDO phase.

Within the IND Region, there were significant increases in TC for the latest
decade and over the entire 40-year period for total TC occurrence, Category 1
and 2 storms, and intense TCs and all these trends were statistically significant.
These increases were especially evident within the western Indian Ocean Basin
and Arabian Sea. All TC intensity distributions tested for interannual and
interdecadal variability were similar to each other at standard levels of
significance.

In the SHEMI, the 40-year trends showed significant decreases in TC
frequency overall including the number of TSs and Category 1 and 2
hurricanes. But there was a significant increase in the number of intense
storms. The number of TCs observed over the latest decade was the lowest in
the 40-year period and proportion of TCs reaching Category 3 or higher
increased. In this region, the positive and negative PDO TC intensity
distributions were different, but not at standard levels of significance. The EN
and LN year TC intensity distributions in each phase of the PDO were similar
to the total sample for that PDO phase.
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* There was no significant SHEMI interannual variability overall, but the latest
decade showed more TCs in EN years as compared to LN years. This was
different from the previous 30 years. A coding error found in the Lupo [1]
results showed that the variability associated with ENSO was opposite that
reported in Lupo [1] for three of the four sub-basins.
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Appendix

See Appendix Tables Al and A2.

Category 1980-1989 1990-1999 2000-2009 2010-2019 1980-2019
a. Atlantic

TS 4.1 4.6 7.7 8.1 6.1
Cat. 1,2 3.5 3.9 3.7 4.4 3.9
Cat. 3-5 17 2.5 35 2.7 2.7
Cat. 4,5 1.0 1.4 21 17 1.6
Tot Hur 5.2 6.4 7.2 71 6.5

TS + Hur 9.3 11.0 14.9 15.2 12.6

b. East Pacific

TS 8.6 5.6 9.1 7.8 7.8
Cat. 1,2 5.4 4.5 4.4 4.7 4.7
Cat. 3-5 4.6 5.5 2.8 5.7 4.7
Cat. 4,5 2.3 3.9 1.8 4.0 3.0
Tot Hur 10.0 10.0 72 10.4 9.4
TS + Hur 18.6 15.6 16.3 18.2 17.2

c. West Pacific

TS 9.7 10.3 10.4 11.3 10.4
Cat. 1,2 8.1 9.1 6.5 5.1 7.2
Cat. 3-5 8.4 9.0 9.5 83 8.8
Cat. 4,5 5.4 73 8.0 6.3 6.8
Tot Hur 16.5 18.1 16.0 13.4 16.0
TS + Hur 26.2 28.4 26.4 24.7 26.4

d. North Indian Ocean

TS 3.7 29 4.0 3.2 3.4
Cat. 1,2 0.5 13 0.6 11 0.9
Cat. 3-5 0.2 1.0 0.5 1.2 0.7
Cat. 4,5 0.1 0.7 0.4 0.8 0.5
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Category 1980-1989 1990-1999 2000-2009 2010-2019 1980-2019
Tot Hur 0.7 2.3 11 2.3 1.6
TS + Hur 4.4 5.2 51 5.5 5.0

e. Southern Hemisphere

TS 14.6 12.8 13.0 12.0 13.1
Cat. 1,2 8.0 7.8 5.6 53 6.7
Cat. 3-5 5.0 73 71 6.3 6.4
Cat. 4,5 1.6 4.8 4.5 4.8 3.9
Tot Hur 13.0 15.1 12.8 11.6 131
TS + Hur 27.6 279 25.8 23.6 26.2
f. Global

TS 40.7 37.3 44.4 43.7 41.3
Cat. 1,2 25.5 26.6 21.0 20.9 23.4
Cat. 3-5 19.8 253 23.2 24.2 23.2
Cat. 4,5 10.4 18.1 16.7 17.6 15.6
Tot Hur 45.4 51.9 443 44.8 46.6
TS + Hur 86.1 88.2 88.7 88.5 87.9

Table A1.

The decadal mean number of tropical storm (TS), category 1—2, category 3—5, category 4—5, total hurricanes,
and total TC for each decade from the 1980s to the 2010s and for the entire period within each global ocean
basin and over the entire globe.

a. Atlantic All CRBN GULF WATL EATL

1980-1999/2000-2009

LN (3/1) 12.7/15.0 2.3/2.0 3.0/4.0 3.7/7.0 3.7/2.0
NEU (12/6) 10.1/17.3 1.0/3.3 1.9/3.5 5.8/7.0 2.2/3.7
EN (5/3) 7.0/10.0 0.4/1.3 1.4/1.7 4.0/6.3 1.2/1.3
Total 10.2/14.9 1.1/2.6 1.9/3.0 5.1/6.8 2.2/2.8
2010-2019

LN (2) 18.0 4.0 2.0 6.5 5.5
NEU (5) 16.2 1.6 3.8 6.5 4.4
EN (3) 11.3 1.3 0.7 5.3 4.0
Total 15.2 2.0 2.5 6.2 4.5
b. East Pacific All NW NE SwW SE

1980-1999/2000-2009

LN (3/1) 12.3/14.0 0.0/0.0 1.7/1.0 1.7/3.0 9.0/10.0
NEU (12/6) 17.9/15.7 0.1/0.2 1.1/0.8 2.8/2.2 13.8/12.5
EN (5/3) 18.4/18.3 0.0/0.0 0.4/0.3 3.2/4.0 14.6/14.2
Total 17.1/16.3 0.1/0.1 1.0/0.7 2.7/2.8 13.3/12.7
2010-2019

LN (2) 13.0 0.5 0.5 0.5 11.5
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NEU (5) 17.2 0.0 0.4 2.0 14.8
EN (3) 23.3 0.0 0.0 5.7 17.7
Total 18.2 0.1 0.3 2.8 15.0
c. West Pacific All NW NE SW SE

1980-1999/2000-2009

LN (3/1) 22.7/25.0 3.7/4.0 3.3/6.0 13.0/11.0 2.7/4.0
NEU (12/6) 28.4/26.7 2.6/3.0 3.7/3.3 13.0/13.2 9.2/7.2
EN (5/3) 27.4/26.3 2.2/33 1.6/3.0 10.8/9.3 12.8/10.7
Total 27.3/26.4 2.7/3.2 3.1/3.6 12.5/11.8 9.1/7.9
2010-2019

LN (2) 20.1 4.0 1.0 11.0 4.0
NEU (5) 26.2 2.6 3.4 12.6 7.6
EN (3) 25.0 2.7 1.0 10.3 11.0
Total 24.7 2.9 22 11.6 8.0

d. North Indian All West East

1980-1999/2000-2009

LN (3/1) 6.0/6.0 2.3/2.0 3.7/4.0

NEU (12/6) 4.5/5.0 1.2/1.5 3.3/3.5

EN (5/3) 4.8/5.0 0.8/1.3 4.0/3.7

Total 4.8/5.1 1.3/1.5 3.6/3.6

2010-2019

LN (2) 4.5 1.5 3.0

NEU (5) 5.8 2.6 3.2

EN (3) 5.7 3.0 2.7

Total 5.5 25 3.0

e. Southern Hemisphere All W IND E IND SW PAC SE PAC

1980-1999/2000-2009

LN (2/2) 30.5/28.0 4.0/5.5 15.0/14.5 8.0/5.5 3.5/2.5
NEU (13/6) 27.8/25.0 6.1/5.7 12.5/11.8 7.2/14.7 1.9/2.8
EN (5/2) 26.6/26.0 6.6/9.5 6.8/6.5 6.6/6.5 6.6/3.5
Total 27.8/25.8 6.0/6.4 11.4/11.3 7.1/5.2 3.3/2.9
2010-2019

LN (2) 22.5 4.0 85 7.5 2.5
NEU (4) 22.8 6.5 8.3 4.8 33
EN (4) 252 8.5 6.8 6.8 3.0
Total 23.6 6.8 77 6.1 3.0

Table Az.

The mean annual TC occurrence stratified by ENSO phase and sub-basin for the (a) ATL, (b) EPAC,
(c) WPAC, (d) NIND, and (¢) SHEML
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Impacts of Tropical Cyclones

in the Northern Atlantic on
Adverse Phenomena Formation in
Northeastern Brazil

Natalia Fedorova, Vladimir Levit
and Lucas Carvalho Vieiva Cavalcante

Abstract

Tropical cyclone (TC) impacts on adverse phenomena in the tropical region
of Northeastern Brazil (NEB) have been analyzed. TC influence on fog and rain
formation was not described in the previous papers. The main goal of the chapter
is to evaluate the existence of such influence and thus to improve the weather
forecasting in this area. TC information from the NHC of the NOAA was used.
METAR and SYNOP data were used for the adverse phenomena study. Analysis of
the synoptic systems was based on different maps at the pattern levels and on sat-
ellite images. These maps were elaborated using reanalysis data from the ECMWEF.
Thermodynamic analysis was also used. Middle tropospheric cyclonic vortexes
(MTCV) in the tropical region of the Southern Atlantic were described recently.
Five from 10 MTCVs were associated with tropical cyclones and disturbances in
the Northern Atlantic. Circulation patterns between TC and synoptic systems at
the NEB are described. These circulations create sinking over the BNE and, asa
result, form fog, mist and weak rain in the BNE during TC days. Mechanisms of
TC influence on weather formation in the BNE are presented. This information is
important for improving weather forecasting methods.

Keywords: tropical cyclones, Northeast Brazil, adverse phenomena

1. Introduction

Fog and mist events are rare and show significant variation of frequency in the
tropical region of the Brazilian Northeast (BNE) [1, 2]. Radiosonde data in the
central and south regions of the BNE, i.e., Recife, Pernambuco state (8°S, 35°W),
and Salvador, Bahia state (13°S, 39°W), registered fog (haze) on average in 13 (13)
and 37 (41) days per year, respectively [3]. On the other hand, in the first study of
fog formation in Maceio, Alagoas State (9°S, 39°W) [4], only two fog events (mod-
erate and weak) during 1996 (both in winter) were found. Fog does not exist in the
semiarid region [3]. In the northern region of the BNE, i.e., Belem, Para State (1°S,
48°W), and Quixeramobim, Ceara State (5°S, 39°W), fog (haze) was registered in
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24 (1) and 4 (28) events/year, respectively. More frequently, fog was observed in
Barra do Corda, Maranhao State (5°S, 45°W), in 48 days/year, but haze was very
rare, only 4 days/year. Also, fog duration was very short, 1-2 h on average in the
coastal region of the BNE [5].

Moreover, the physical mechanism of fog formation on the northern coast
was atypical (typical radiation or advection fog does not occur typically) [6].
Summarizing the results of this chapter, it was possible to make the following
conclusion regarding the processes of fog formation in the tropical region of
the BNE. A weak confluence at the low-level trough (wave disturbances in trade
winds—WDTW) contributes to weak pressure anomaly and creates the condi-
tions for moisture convergence as well. A change in wind direction and air current
from the river region contributes additional humidity for fog formation. Also,
precipitation occurred before the fog events, contributing to humidification of the
air through evaporation of the humid surface and raindrops. A warmer sea surface
contributes to more evaporation and, as a consequence, increases the amount of
water vapor in the surrounding air at the low levels near the coast. Positive latent
heat flux shows a humidity increase and, therefore, moisture accumulation in the
coastal region. Negative sensible heat flux results in air cooling, possible water
vapor condensation, and, finally, fog formation.

All this information about rare fog events with a short duration and atypical
physical mechanisms of their formation demonstrates the numerous problems for
fog/haze forecasting.

An intertropical convergence zone (ITCZ), a South Atlantic subtropical high
(SASH), trade winds, and an upper tropospheric cyclonic vortex are typical synop-
tic scale systems associated with different weather conditions in the BNE [7].

For the first time, the influence of wave disturbances in trade winds (WDTW)
on rain formation in the BNE was shown in Molion and Bernardo [8]. The relation-
ship between different types of troughs and adverse meteorological phenomena
(fog and thunderstorms) in Alagoas State was studied by Rodrigues et al. [9]. It
was noted that 87% of the troughs were associated with wave disturbances in trade
winds (WDTW) on the northwestern periphery of the subtropical South Atlantic
High. Rare stratus cloud events with a duration of 4 days each on the northeast
coast of Brazil also were formed in WDTW [10]. Fog formation is usually associated
with WDTW in Maceio (Alagoas State) [1, 5, 6, 11].

The influence of the Brazilian Northeast Jet Stream (BNE]S) on weather in the
BNE was described recently [12-14]. Particularly, the results of this study show that
the period from April to October (a rainy period and the transition to a dry season
in the coastal region) was characterized by a rather high number of fast BNE]Ss,
with high wind speed in the core, a predominant northwesterly direction, and the
location of BNEJS between the upper tropospheric trough (UTT) and the SASH.

Upper tropospheric cyclonic vortices (UTCVs) are important synoptic scale sys-
tems in this region; the greatest UTCV frequency occurs during the austral summer
period, with the maximum frequency in January [15-18]. Intensive cloud develop-
ment with precipitation was observed on the UTCV periphery and cloudlessness in
their center as a result of a downward motion in its cold center and upward motion
on the periphery. Rao and Bonatti [18] conjectured that barotropic instability of the
regional mean basic winds at the upper levels could be one cause for UTCV forma-
tion. It was suggested that these air streams are associated with the subtropical jet
stream and contribute to UTCV development. A strong positive shear zone was
formed within the South Atlantic trough before the formation of the UTCV [19].
The same paper showed that the barotropic process dominates over the baroclinic
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one. They showed that barotropic energy conservation is the energy source for the
growth of wave motion and wave amplitude and also that barotropic instability of
the shear zone can excite the UTCV.

Middle tropospheric cyclonic vortices (MTCVs) located between 700 and
400 hPa in the BNE were described recently [20, 21]. About 232 MTCVs were
observed each year over the BNE and adjacent ocean region. MTCVs were predomi-
nantly short and lasted less than 12 h. The vortices persisting longer than 30 h were
detected more frequently in the summer and rarely in autumn.

Frontal zones are observed regularly in the southern region of the Brazilian
Northeast in the Southern Hemisphere (SH) [22, 23]. The influence of a western
edge of a frontal cloud band on the weather conditions was found in the central
region of the Brazilian Northeast SH and was described by Fedorova et al. [24].

The western edge of a frontal cloud band rarely passes across Alagoas State in the
BNE. Only two to five frontal zones per year which directly affected the weather
conditions were observed in 2004-2006. Nonetheless, Reeder and Smith [25]
quoted different papers (including [26, 27]) where a cold front crossing the equator
and penetrating the Northern Hemisphere (NH) tropics was documented. These
fronts can initiate severe convection in the subtropic SH; however, they generally
tend to suppress convection in the ITCZ.

A SASH was observed in the South Atlantic during the whole year and was
located at the low levels in the eastern part of the South Atlantic, on average
between 20°W and 30°S [7, 28]. It migrated from 15°W, 27°S in August, to 5°W,
33°S in February [29]. A SASH in summer is frequently split and is normally
weaker [7].

Some studies show the influence of synoptic scale systems of the Northern
Hemisphere on BNE weather. The influence of tropical cyclone Dany-15 on inten-
sive fog formation in the NEB was descried by Fedorova and Levit [1]. But the infor-
mation about tropical cyclone (TC) impact on BNE weather over many years has
not yet been presented. Thus, the main aim of this chapter is to analyze the impact
of all tropical cyclones formed from 2013 to 2015 between 20°N and the equator and
which passed through 35-50°W, on fog, mist, and weak rain formation in the BNE.

2. Data and methodology
2.1 Selection and classification of the tropical cyclones

All tropical cyclones (TC) formed from 2013 to 2015 between 20°N and the
equator whose centers passed through 35-50°W have been studied, using data from
the National Hurricane Center’s Tropical Cyclone Reports https://www.nhc.noaa.
gov/data/tcr/.

TC has been classified according to their sustained wind speed [30] as follows:

Tropical disturbance (TD). In this stage, winds are less than 17 m/s with open
circulation (no closed isobars).

Tropical depression (TDep). Winds are less than 17 m/s, but there is a closed
circulation (closed isobars).

Tropical storm (TS). Winds are greater than or equal to 17 m/s but less than
33 m/s with a definite closed circulation. The storm is usually assigned a name.

Hurricane (H). Winds greater than or equal to 33 m/s.

Major hurricane (MH). Typhoon with 1 min of sustained winds of 65 m/s or
greater (MH was not observed during the study period).
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2.2 Analysis of meteorological phenomenon in the BNE

Fog, mist, and weak rain events in the BNE were analyzed by SYNOP and
METAR data. The BNE area and location of all meteorological stations are presented
in Figure 1.

2.3 Synoptic and thermodynamic analysis

Synoptic analysis was elaborated in the equatorial and tropical regions of both
hemispheres between 30°N and 30°S and by latitude between 10°W and 60°W. This
region includes the BNE, part of the South Atlantic and the TCs moving over the
North Atlantic region.

The tropospheric structure for all TC events has been studied using data from
the European Center for Medium-Range Weather Forecasts (ECMWF), with
aresolution of 0.25°x 0.25°, 00, 12, 18 UTC (http://apps.ecmwf.int/datasets/
data/interim-full-daily/levtype=pl). Streamlines have been elaborated at the low
(1000 hPa), middle (500 hPa), and high levels (300 and 200 hPa). Divergence maps
were constructed only at the high levels (300 and 200 hPa). Both horizontal maps
and vertical sections were used for vertical movement identification. These vertical
sections passed through the TC center and the BNE region at the same longitude.
Satellite infrared images from the GOES-13 and METEOSAT-10 (http://bancodeda-
dos.cptec.inpe.br) were used for synoptic system identification.

Thermodynamic analysis was elaborated for the days with fog, mist, and weak
rain in the BNE. Vertical profiles were constructed using the same data from the
ECMWF quoted above.

46°W/1°S 33°w/1°s

MINAS GERAIS

e e e
5

46°W/18°S 33°W/18°S

Figure 1.
The location of the BNE, States, and all meteorological stations (green points) with names.
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3. Results
3.1 Information about tropical cyclones

Information about tropical cyclones (TC) formed during 2013-2015 between
20°N and the equator and passing through 35-50°W is presented in Table 1. Ten
tropical cyclones were registered during this time period, and their influences
have been analyzed. Five TCs were observed in 2015, three of them in 2013 and
only two in 2014.

3.2 Information about fog, mist, and rain formation by METAR and SYNOP data

Information about fog, mist, and weak rain events in the BNE by METAR data
when TCs passed through 35-50°W is presented in Figure 2 and Table 2. Two
examples of maps with this information are presented in Figure 2. Fog, mist. and
weak rain events were observed more frequently in the coastal region, e.g., Figure 2.
Only one fog event was registered far from the coastal region, occurring in the
Maranhao State (SBIZ station) (Figure 2a). Fog, mist, and weak rain events were
observed more frequently in the southern region of the BNE, in the Bahia State. Six
events were registered in the southern region of the Bahia (SBQV), not far from the
coastal region (300 km approximately). Also, fog was detected in the coastal stations
of this region (SBIL and SBPS). Only one event was recorded in the northern coastal
region in the Pernambuco State (SBRF). An influence of seven TCs on fog rain for-
mation in the BNE was confirmed (Table 2). During three TCs (Edouard, Fred, and
Grace), METAR data did not record any fog events; at the same time, weak rain and
mist were detected. A Tropical disturbance and Tropical storm were the predominant
TC stages during its influence on the weather in the BNE.

Name Data TC intensity
Formation Dissipation BNE longitude Maximal BNE longitude
2013
Chantal 06 July 10 July 7-10 July TS TS
Dorian 22 July 03 August 24-27 July TS TS
Erin 15 August 20 August 16-20 August TS TS-D
2014
Bertha 29 July 06 August 29-31]July H TD
Edouard 10 September 23 September 10-14 September H TD-H
2015
Danny 17 August 24 August 17-22 August H TD-H
Erika 24 August 28 August 24-25 August TS TS
Fred 30 August 06 September 02-05 September H TS-TDep
Grace 05 September 09 September 06-09 September TS TS-D
Ida 15 September 28 September 17-28 September TS TD-D

TD, tropical disturbance; TDep, tropical depression; TS, tropical storm; H, hurricane; D, dissipation. Source:
National Hurricane Center, 2017.

Table 1.
Information about time period and intensity of tropical cyclones (TC).
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Figure 2.

(a) Location of the meteorological stations detected fog (yellow points) in the BNE by METAR during all TC
events. (b) and (c) Location of the meteorological stations detected mist events (yellow points) 29 July 2014 12
UTC in the BNE by METAR (c) and SYNOP (b). Green points mark all meteorological stations.

3.3 Synoptic systems associated with fog events
3.3.11000 hPa
A synoptic situation at 1000 hPa was very similar during all fog, mist, and weak

rain events (Table 3). Trade winds presented cyclonic curvature (weak trough) over
the ocean close to the coastal area and anticyclonic curvature (weak ridge) over the
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TC name, stage Data State Station Hours (local)
2013
Chantal TS 08 July Bahia South SBQV 08, 09
Dorian TS 22 July Bahia South SBQV 10,11
25 July Paraiba SBKG 06, 09, 10
25 July Maranhao SBIZ 08
26 July Paraiba SBKG 03-08
Paraiba 06
Erin TS 15 August Bahia North SBSV 08-10
18 August Pernambuco SBRF 15
Pernambuco 12
2014
Bertha TD 29 July Pernambuco 12
31]July Bahia South SBQV 10,11
01 August Bahia South SBQV 09
Edouard — — —
2015
Danny TD 17 August Pernambuco 12
20 August Bahia South SBQV 09,10
21 August Paraiba SBKG 04, 05
21 August Bahia South SBQV 10, 11
Erika TS 24 August Bahia South SBIL 09,10
Fred — — — —
Grace — — — —
IdaTD 18 September Bahia South SBPS 09

Bold data show the information when a TC passes before or after the BNE longitudes. TD, tropical disturbance; TS,
tropical storm. Source: DECEA, 2017.

Table 2.
Information (TC name, state, station, and hour) about fog events in the BNE by METAR data and SYNOP
data (inclined) during the time period with TC passing through 35-50°W.

northern region of the BNE (Figure 3). This weak trough was located close to the

frontal extremity over the south of the Bahia State in five events. It is important to
note that a frontal extremity does not have a direct influence in the fog region but

has action on trough formation.

3.3.2500 hPa

Anticyclonic circulation over the BNE was the predominant process at the middle
levels in days with fog, mist, and weak rain events (Figure 4, Table 3). Also, a conver-
gence zone was observed in the north and middle regions of the BNE in all events. This
convergence zone was formed between the currents from a tropical cyclone or tropical
depression in the Northern Hemisphere and this anticyclonic circulation in the
Southern Hemisphere. The current from the NH was formed as a result of the diver-
gence at the middle levels of the tropical cyclone or tropical depression. For example,
Figure 3 shows airflow from the tropical depression on the west coast of Africa (6°N)
converging with the air current of the high (with the center at 6°S, 54°W).
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TC name, stage 1000 hPa 500 hPa 200/300 hPa
2013
Chantal TS TO/RC (7), TO/RC/FZ (8,9) A (7-9) TCO (6,7)
A (8)
TCO (9)
SJSHS 10-15°
Dorian TS TO/RC/FZ (22-26) A (22-25), MTCVo A (22-23)
(23-25) TCO (24, 25)
A (26,27)
SJSHS 20°
Erin TO/RC/FZ (16-17) MTCV, A (16-18) A (16)
TCO (17)
A (18)
SJSHS 20°
2014
Bertha TDis TO/RC/FZ (29-31-1) A (29-31-1) TCO (29-31-1), SJSHS
10-15°
Edouard TO/RC (10-13) A (10), MTCVc (10, 11) TCO (10-11)
A (12-13)
SJSHS 10-15°
2015
Danny TDis TO/RC (17-19), TO/RC/FZ A, MTCVc (17-18), A TCO (17-20)
(20-21) (19-22) SJSHS 10-15°
(17-20)
Erika TO/RC/FZ (24-26) A (24-26) TCO (24-26)
SJSHS 10-15°
(24-26)
Fred TO/RC (1) A (1-4) TCO (1-2)
TO/RC/FZ (2-3) A(3-4)
SJSHS 10-15°
Grace TW(6-9) A (7-9) TCO (7)
A (8-9)
SJSHS 10-15°
Ida TO/RC (16-18) A (16-17) A (17-19)

MTCVo A (16-17)

A, anticyclonic civculation; TO (trough over the ocean); RC (vidge over the continent); TW, trade winds nearly
straight (no pronounced curvature); FZ (frontal zone), TCO (trough at the middle and high levels over the continent
and ocean); SJSHS (subtropical jet stream of the Southern Hemisphere)—location of the northern boundary ("W);
MTCVo and MTCVe—middle tropospheric cyclonic vortices over the oceanic and continental regions, respectively.
Information inside brackets represents number of days.

Table 3.

Synoptic systems in the BNE at the low (1000 hPa), middle (500 hPa), and high (300 and 200 hPa) levels

during tropical cyclones in the northern hemisphere.

Middle tropospheric cyclonic vortices (MTCV) were observed in five studied
events (Table 3). MTCVs were located over the adjacent ocean region in two of
the five events, in the northeastern part and in the coastal region of the continent
in one case each. Four MTCVs were typical in terms of the level of its location and
duration, were short, and lasted 6-12 h. Only one MTCV lasted 36 h, and its cen-
ter was located in the south of the BNE, and its circulation affected only southern
part of the BNE. The MTCVs created the waves on the air current from the NH
but did not change the principal influence of this northern current. Meanwhile
one MTCV on 17 Ag 2013, 12UTC, was formed between west flow of the SH and
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Figure 3.
Streamlines at 1000 hPa on 22 July 2013, 18 UTC. Trough, dashed line; ridge, dotted line; and TC, tropical cyclone.
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Figure 4.
Streamlines at 500 hPa, 17 August 2013, 00UTC. H, anticyclonic circulation; TD, tropical disturbance; TC,
tropical cyclone; and - -* -, convergence zone.
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northeast current from the tropical disturbance of the NH near Africa and lasted
6 h. Other four MTCVs were formed in the flow of the southern hemisphere
without the TC influence.

3.3.3200/300 hPa

The principal influence of the NH flow was observed at the high levels
(Figure 5, Table 3). Divergent flow was observed at the high levels in the TC. The
height of this divergent flow depended on the TC intensity and was registered at
300 and 200 hPa. This divergent flow at the high levels passed through the equator
to the BNE region. This flow from the TC was connected with anticyclonic circula-
tion over the equatorial and south Atlantic. Thus, a single current was formed in the
Northern Hemisphere, from the north or northeast.

Also, the anticyclonic circulation was predominant over the central and south
region of the BNE. The location of this high was dependent upon the subtropical
jet stream of the Southern Hemisphere (SJSHS). The northern boundary of this jet
stream reached 15 or 30°W in the study events and was not observed over the BNE
region. Curvature of the SJSHS was cyclonic (trough, upper tropospheric trough) over
the continental region and anticyclonic (ridge) over the ocean region.

These two currents from the Northern Hemisphere and anticyclonic circulation
of the Southern Hemisphere created the convergence of air current which, in turn,
produced air sinking.

Two examples of this flow at the high levels can be seen in Figures 5 and 6. The
difference between these examples is in the location of the Highs over the Atlantic
Ocean. Meanwhile, the location of the convergence zone over the BNE was very
similar.

‘\,ip X

s
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Figures.
Streamlines at 300 hPa 18 September 2015, 12UTC. H, anticyclonic circulation; TD, tropical disturbance; and
TC, tropical cyclone. -* -* -, convergence zone.
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Figure 6.
Streamlines at 300 hPa 16 August 2013, 0oUTC. H, anticyclonic circulation; TD, tropical disturbance; TC,
tropical cyclone; and -¢ -+ -, convergence zone.

A slightly different situation was observed during the TC Dorian on 25 July
2013 (Figure 7). This difference was associated with jet stream formation from
the Northern to Southern Hemisphere, denominated as the Brazilian Northeast Jet
Stream—BNEJS [20]. The data from this paper shows that, generally, BNE]JS from
the north was observed very rarely. On this day, the BNE]JS was formed between two
highs: in the north (near Maranhao State, high 1) and northeast of Brazil (high 2).
The high 1 location was more to the north than the typical high position described
before. At the same time, the high 2 location was close to the continental region,
with its center on the northeastern cape of the South American continent. These
highs squeezed the flow from the TC, and so the BNEJS was created. Also, the
northern boundary of the SJSHS reached 15°W on this day. Therefore, the con-
vergence zone between the currents from the south and north was detected in the
south BNE region.

A scheme of the synoptic systems, observed more frequently at all levels simul-
taneously during the TC and fog events, is presented in Figure 8. This figure shows
the circulation pattern, which contributes to fog, mist, and weak rain formation in
the BNE. As a result of this circulation, a convergence zone at the middle and high
levels and anticyclonic circulation at the middle levels were formed.

3.4 Mechanism of fog, mist, and weak rain formation
The circulation described in Section 3.3 creates sinking over the BNE. Vertical
movements were analyzed in all events, and an example of this vertical motion is

presented in Figure 9. Lifting in TC Bertha can be seen in Figure 9a and d. The
vertical movement reaches 0.3 m/s. Very intense diffluent current was observed at
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Figure 7.
Streamlines at 200 hPa, 25 July 2013, 06UTC. H, anticyclonic circulation; TC, tropical cyclone; and -» -» -,
convergence zone. The black arrows show the BNEJS.
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tropical cyclone.
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Figure 9.

Circulation between TC, TD is, and fog formation region on 29 June 2014, 06 UTC, in different maps: Vertical
velocity (a, Pas™) and divergence (b, s™), streamlines and wind velocity (c, m s™) all at 300 hPa and (d)
vertical section of vertical velocity (Pa s™) along 37.1°W (longitude of TC Bertha,).

300 hPain TC Bertha (Figure 9b). Airflow at the high levels from TC Bertha to the
BNE is presented in Figure 9a and c.

These circulations create sinking over the BNE and, as a result, humidity
accumulation at the low levels and fog, mist, and weak rain formation. These

phenomena were detected as the principal adverse phenomena in the BNE during
all TC days.

4, Conclusion

The impact of all studied (10) TCs on the weather conditions in the BNE was
analyzed during July to September from 2013 to 2015. These TCs had a tropical
storm stage, when passing between 35 and 50°W and up to 20°N in the Northern
Hemisphere. Only one, TC Bertha, had the stage of tropical disturbance (TDis) dur-
ing its passage in this area.
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The fog, mist, and weak rain in the BNE were the adverse phenomena associated
more frequently with these TCs. Days with mist were also accompanied by weak
rain. These phenomena were observed in all TC events and predominantly near the
coastal region of the BNE.

The synoptic situation at 1000 hPa shows a wave disturbance near the BNE
coastal area with a weak trough over the ocean close to the coastal area and a weak
ridge over the northern region of the BNE. This situation was detected in all study
events. Frontal extremity over the south of the Bahia State had an influence on
trough intensification.

The convergence zone at the middle levels in the northern or middle region
of the BNE was formed in all fog events between the currents from a TC in the
Northern Hemisphere and anticyclonic circulation in the Southern Hemisphere.
This anticyclonic circulation was predominant over the greater part of the
BNE. Middle tropospheric cyclonic vortices were observed during half of the events
but did not change the principal influence of the airflow from the TCs. One MTCV
was formed between west flow of the Southern Hemisphere and northeast current
from the tropical disturbance of the Northern Hemisphere.

The airflow at the high levels from the Northern Hemisphere is formed by the
coupling (joining) of two currents: (1) from a TC and (2) from the high over the
equatorial and south Atlantic. The confluence of these airflows with the current
from the trough created by the subtropical jet stream of the Southern Hemisphere
was the principal mechanism of the sinking in the BNE.

This sinking over the BNE formed the accumulation of humidity at the low
levels and, as a result, fog, mist, and weak rain formation. Therefore, fog, mist, and
weak rain were the principal adverse phenomena in the BNE during TC days.

This information can be used for short-term forecasting of adverse phenomena,
such as fog and mist with weak rain in the BNE.
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Chapter 3

A Recurrence Analysis of Multiple
African Easterly Waves during
Summer 2006

Tiffany Reyes and Bo-Wen Shen

Abstract

Accurate detection of large-scale atmospheric tropical waves, such as African
easterly waves (AEWSs), may help extend lead times for predicting tropical cyclone
(TC) genesis. Since observed AEWs have comparable but slightly different periods
showing spatial and temporal variations, local analysis of frequencies and ampli-
tudes of AEWs is crucial for revealing the role of AEWs in the modulation of TC
genesis. To achieve this goal, we investigate the recurrence plot (RP) method.

A recurrence is defined when the trajectory of a state returns to the neighborhood of
a previously visited state. To verify implementation of the RP method in Python
and its capability for revealing a transition between different types of solutions,

we apply the RP to analyze several idealized solutions, including periodic, quasipe-
riodic, chaotic and limit cycle solutions, and various types of solutions within the
three- and five-dimensional Lorenz models. We then extend the RP analysis to two
datasets from the European Centre for Medium-Range Weather Forecasts global
reanalysis and global mesoscale model data in order to reveal the recurrence of
multiple AEWs during summer 2006. Our results indicate that the RP analysis
effectively displays the major features of time-varying oscillations and the growing
or decaying amplitudes of multiple AEWs.

Keywords: recurrence plot, chaos, limit cycle, AEWSs, Lorenz model

1. Introduction

Recent studies suggest that accurate detection of recurrent, multiple, large-scale
tropical waves, such as African easterly waves (AEWs), has the potential to help
extend prediction lead times for tropical cyclone (TC) genesis. For example, using
the NASA global mesoscale model (GMM, e.g., [1]), the formation, subsequent
intensification, and movement of hurricane Helene (2006) were simulated to a
degree of satisfaction from Day 22 to 30 within a 30-day model integration when
multiple AEWSs were realistically simulated (e.g., [2]). To date, the scalable parallel
ensemble empirical mode decomposition method (PEEMD; e.g., [3, 4]) has
revealed the role of downscaling processes associated with environmental flows in
determining the timing and location of hurricane Helene’s formation (e.g., [5]),
supporting the model’s practical predictability over extended-range time scales.
Prior to Helene’s formation, observed AEWSs had comparable but slightly different
periods with both spatial and temporal variations. Thus, a local analysis of the
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frequencies and amplitudes for multiple AEWs is desired in order to monitor the
evolution of AEWs that may influence the timing and location of TC genesis.

To effectively reveal space-varying features and/or temporal oscillations in sim-
ulations and reanalysis data, recurrence plots (RPs) are employed (e.g., [6]).
Recurrence is defined when the trajectory of a state returns back to the neighbor-
hood of a previously visited state. Thus, recurrence may be viewed as a generaliza-
tion of periodicity to brace quasiperiodicity [7] and chaos [8]. Measuring the
patterns associated with recurrence provides valuable information regarding the
oscillatory nature of a system. To verify implementation in Python, we test the RP
method using several types of idealized solutions and three types of solutions within
the three- and five-dimensional Lorenz model (3DLM and 5DLM). We then apply
the method in order to analyze two global datasets.

The paper is organized as follows. Section 2.1 introduces the European Centre
for Medium-Range Weather Forecasts (ECMWF) global reanalysis data and NASA
GMM data (e.g., [1, 2, 4, 9]). We focus on a 30-day period in 2006 over which
multiple AEWSs were observed during the NASA African Monsoon Multidis-
ciplinary Analyses (NAMMA) field campaign (e.g., [2, 10]). Section 2.2 introduces
the 3DLM and 5DLM (e.g., [11-13]). Section 2.3 introduces RP methods for
performing the local analysis. In Section 3.1, the method is applied in order to
analyze four basic types of solutions, including (1) periodic, (2) quasiperiodic, (3)
chaotic solutions, and (4) Gaussian white noise. While Section 3.2 presents an
analysis of the idealized spiral sink, Section 3.3 extends the RP analysis for steady-
state solutions of the 3DLM. Section 3.4 discusses limit cycle solutions of the 3DLM
and 5DLM and their RP analysis. Section 3.5 presents an analysis of global reanalysis
and GMM data in order to reveal the time-varying recurrent behavior of AEWs.
Appendix A discusses the mathematical approach for the unique version of the
3DLM and 5DLM, referred to as the Version 2 (V2) system. V2 systems are used for
either linear or nonlinear simulations. Additionally, the linearized V2 system is
applied to perform an eigenvalue analysis to obtain the growth rates and oscillatory
frequencies of solutions.

2. Global data, the Lorenz model, and the recurrence analysis method
2.1 Global reanalysis and model data

For this study, we select the latest European Centre for Medium-Range Weather
Forecasts (ECMWF) global reanalysis (ERA-interim) dataset. The data spans the
time period from January 1979 to the present day. The dataset has a sampling rate of
6 h and a horizontal grid spacing of 0.75°, yielding a spatial resolution of approxi-
mately 78 km. The following gridded products are available: 3-h surface fields, daily
vertical integrations, 6-h upper air atmospheric fields for pressure, potential tem-
perature, potential vorticity levels, and vertical coverage from the lower tropo-
sphere to the stratosphere on 60 model layers. Based on previous studies (e.g.,

[2, 5]), here, we focus on the 30-day period from August 22 to September 20, 2006.
During this period, the NASA African Monsoon Multidisciplinary Analyses
(NAMMA) field campaign documented multiple AEWSs and provided a great
opportunity to characterize the frequency of AEWs as well as their evolution and
impact over continental western Africa. Figure 1a and b display multiple AEWs
that were detected by a change in sign of meridional winds from the ERA-interim
dataset and the NAMMA observations, respectively.
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Figure 1.

A time-altitude cross section of meridional winds from the ERA-interim dataset (a) and global mesoscale model
simulations (c). The color bar to the right of each figure vepresents the wind velocity in meters per second. Panel
(b) displays NAMMA observations for a comparison (e.g., [10]).

As a result of higher spatial and temporal resolutions, GMM simulation data
[1, 9] are also selected. The GMM that produced the dataset is composed of three
major components: finite volume dynamics [14], National Center for Atmospheric
Research (NCAR) Community Climate Model physics, and the NCAR Community
Land Model. Simulations spanning the 35 day period began on August 22, 2006.
However, our analysis only focuses on the first 30 days. The data set has a 15-min
integration time step, 17 vertical levels, and a horizontal resolution of approxi-
mately 28 km. Figure 1c provides the time-altitude cross section of meridional
winds from the GMM dataset.

2.2 The five-dimensional Lorenz model (5DLM)

In the real world, as a result of nonlinearity, system solutions may possess time-
varying frequencies and amplitudes. To understand the performance of the selected
method in analyzing nonlinear time series data, the 3DLM and 5DLM are used to
provide three types of solutions at different ranges of parameters for verifications.
The 5DLM, which extends the 3DLM and includes the 3DLM as a subset (e.g., [13]),
is defined by Egs. (1)-(5), as follows:

d—X = —06X + oY, (1)
dr
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dy

—=-XZ+rX-Y, (2)
dr
Z_xy_xv,-bz 3)
dr
Wi _ 57 oxz, - dy., (4)
dr
vy, apz,. (5)
dr

Here, 7 is the dimensionless time. In this study, the following parameters are
kept constant: b = 8/3,d = 19/3, and 6 = 10. By comparison, we vary the value of
the Rayleigh parameter, 7, that represents a heating or forcing term. The term XY
in Eq. (3) plays a role in providing negative nonlinear feedback associated with
small-scale dissipative processes (e.g., —d,Y1 and —4bZ;) to stabilize the solutions
(e.g., [13]). Equations. (1)-(3), without inclusion of the feedback term (XY}), are
reduced to become the 3DLM. As discussed below, the SDLM requires higher values
of » for the onset of chaos (e.g., [13]). Recently, the 5DLM has been re-derived and
analyzed in detail by Moon et al. [15] and Felicio and Rech [16], showing the
model’s robustness. Furthermore, the 5DLM has been extended to higher-
dimensional LMs (e.g., [17-20]) and a generalized LM (e.g., [21, 22]).

The 3DLM produces three types of solutions, including steady-state solutions,
chaotic solutions, and nonlinear periodic solutions. We present the first two types
of solutions below and discuss the third type of solution in Section 3.4. Figure 2a
provides Y and Z modes of the solution for the strange attractor using the 3DLM
with » = 25. Irregular oscillations surrounding nontrivial critical points that are
defined in Appendix A are indicative of chaotic solutions. In Figure 2b, the 5SDLM
with 7 = 25 clearly produces a steady-state solution that spirals into the non-trivial
critical point. Figure 2¢ from the 5SDLM with » = 43.5 appears more like Figure 2a
and depicts an irregular oscillatory motion. Such behavior within the 5DLM only
occurs when r > 7. = 42.9 and when the other parameters are held at the afore-
mentioned values. The corresponding solutions for Y1 and Z1 are shown in Figure 2d.

2.3 Recurrence plot analysis

The recurrent nature of a system can offer important insight into its dynamics,
such as periodicities or other oscillatory behavior (e.g., growing or decaying oscil-
lations). In the case of deterministic systems, the recurrence of states (i.e., a state
returning to an arbitrarily close area at a point from a previous time within the
phase space) is an important feature (e.g., [6]). Such recurrences can be visualized
using a tool known as recurrence plots (RPs). RPs allow for the representation of
multidimensional systems in a two-dimensional visualization; thus, they easily pro-
vide insight into high-dimensional systems. The RP plots a black point for each time
(i,j) in which there is a recurrence, more precisely given by the following equation:

Rij= 9(5 — llei — 9?]'”) ,j=1..N, (6)

where N is the number of states (x;) considered, ¢ is the threshold distance for
recurrence, || - || is the Euclidean norm, and ©(-) is the Heaviside function (e.g.,
[23]). The individual point (i,j) does not offer any information regarding the
states of the system at times 7 and j. However, the phase space trajectory can be
reconstructed from the collection of all of the recurrence points present within
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Phase space plots for the 3DLM (a) and 5DLM (b-d). All of the plots show Lovenz strange attractors. (a) Y vs.
Z modes using the 3DLM with r = 25. (b and ¢) Y vs. Z modes using the 5 DLM with r = 25 and r = 43.5,
respectively. (d) Y1 vs. Zy modes with r = 43.5 (see details in [13]).

the RP (e.g., [6]). As shown in Figure 3a, a typical RP for a simple periodic
solution displays uniform diagonal lines. Here, it should be noted that the RP has a
main black diagonal line with an angle of z/4, referred to as the line of identity
(LOI).The threshold distance for recurrence (¢) is an important parameter to
consider. If the value is too small, there may not be enough recurrences plotted,
resulting in insufficient information required for conducting an accurate analysis.
For a value that is too large, the appearance of many recurrent points may mask
important structures that would otherwise be present within the RP. While there
is much discussion regarding the proper selection of ¢, a general rule is to find the
smallest possible value that is capable of providing a sufficient number of recur-
rences for identifying recurrent structures within a dataset (e.g., [6]). Figure 2.10
of Reyes [24] demonstrates the impact with different values of ¢ on the RP for the
3DLM.

3. Results

In this section, we first discuss the RP analysis for idealized solutions, various
types of solutions from the 3DLM and 5SDLM. We then apply the RP to analyze the
global reanalysis and the GMM 30-day simulation data in order to detect recurrent,
multiple AEWs that play an important role in the modulation of TC genesis (e.g.,
Hurricane Helene (2006)).
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3.1 Analysis of four basic types of solutions

Figure 3 provides RPs for four types of solutions, including (a) periodic solu-
tions that are characterized by uniform diagonal lines extending from edge to edge
of the plot and spaced with an equal distance from one another; (b) quasiperiodic
solutions with a similar structure to the periodic RP, with the exception that the
distance between the diagonal lines varies; (c) chaotic solutions from the 3DLM
with a Rayleigh parameter of » = 28 whose plots have many short diagonal lines
spaced various distances from one another; and (d) Gaussian white noise, charac-
terized by a homogenous RP consisting of many individual points and little to no
organized recurrent structures (e.g., [6]).

Other features of the RP analysis, as discussed below, include (1) vertical or
horizontal lines or clusters, which indicate small or no change in solution ampli-
tudes over a certain period of time, and (2) white bands, which suggest transitions
from one type of dynamics to another. More than one distinct line or dot structure
may also appear within a single RP. Line structures and the length and number of
lines, as well as their positioning, describe the dynamics for each system (e.g., [25]).
When applying this method to real data, the overall structures should still be visible,
although they may or may not be as neatly depicted.
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Figure 3.

Recurrence plots of (a) periodic solutions produced usingy = sin (2nt/4), (b) quasiperiodic solutions produced
usingy = sin (16xt) + sin (8+/(2)at), (c) chaotic solutions produced by the 3DLM, and (d) Gaussian white

noise.
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Recurrence plots of raw data with a periodic solution given by y = sin (2at/16) (a) and the raw data
superimposed with Gaussian white noise that has a finite amplitude of 0.1 (b).

Previously, performance of the RP was demonstrated using idealized data. In
practice, most real data has some amount of random noise. Therefore, understand-
ing the capabilities of the method in analyzing noisy data, before applying them to
real or non-idealized datasets, is important. Here, we present an analysis of com-
posite data consisting of the raw data and additional noise. Figure 4a displays the
RP for idealized periodic solutions generated from y = sin (22¢/16), 0 <t < 128,
and At = 0.2. Figure 4b provides the RP for the same dataset superimposed with
Gaussian white noise with an amplitude of 0.1. While the overall diagonal line
structure is still present, some visual differences are apparent. The most prominent
differences include thicker diagonal lines and a fluctuation in thickness. The differ-
ences are due to so-called false recurrence resulting from the noise itself and the
slightly higher value of ¢ required in order to obtain a reasonable plot.

3.2 Analysis of a spiral sink and source

In addition to the four fundamental solutions in Figure 3, real-world model data
may include growing or decaying oscillatory solutions. Mathematically, such a
solution can be represented as y = e® sin (ft + 0), where 6 is a phase constant. This
type of solution can be obtained from a linearized system with a complex eigen-
value, 1 = a + if}, where a and f are real numbers. Next, we discuss the conditions
under which a recurrence plot can be defined for the general oscillatory solution. To
facilitate discussions, we further assume > 0 and consider three cases with (i)

a = 0 for a simple oscillation, (ii) @ > 0 for a growing oscillation (i.e., a spiral
source), and (iii) @ < 0 for a decaying oscillation (i.e., a spiral sink), respectively.

RPs for spiral sinks or sources display a different structure as compared to RPs
for periodic and quasiperiodic solutions, as discussed below. Figure 5a displays an
oscillatory solution, y = ¢ *¥sin (¢) (i.e., (a,8,0) = (—0.1,1,0)). The solution
decays with time over the time interval from 0 to 128. When the solutions produce
time-varying amplitudes, the RPs display vertical and horizontal lines. As the solu-
tion decays toward zero, the lines become denser (the upper right-hand corner of
Figure 5c). Namely, the density of the lines in these RPs increases when the solution
is closer to the mean value (i.e., zero for this idealized solution). The appearance of
horizontal and vertical lines is explained below.
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Here, we provide an additional analysis for the pattern of the RP in Figure 5.
As shown in Figure 6, a distance (D) between two points y(t1) and y(t,) with a time
lag of T = % is given by D = |y(t2) — y(t1)|, where t, = t; + T. We can obtain the
following equation:

D = |¢™ sin (t; + ) — ™' sin (t; + 6)| 7)

= [¢*(1*%) gin (ﬂ <t1 + 2’7”) + ¢9> — e sin (Bt + 9)‘

= |7 e sin (Pt1 + 0) — e sin (ft1 + 9)‘
(8)

— |¥ e sin (Bt1 + 0) — e sin (Bt1 + 9)‘

= |e sin (g + 0) (¢ 1) ‘

Recurrence appears when the distance, D, is small (i.e., D <&, where ¢ repre-
sents a threshold), requiring

. 2an
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Figure 5.
A time evolution of the solution y = e~ sin (t) (a), its power spectrum (b), and RP (c) for  €[0,128].
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| r |

Figure 6.
An oscillatory mode and two points at t1 and t,, wheret) =t1 + T.

Therefore, (i) for a simple oscillation, @ = 0, Eq. (8) is always valid, suggesting
that two points with a time lag of T define a recurrent point within the recurrence
plot. For a specific t; where sin (ft; + 68) = 1/M # 0, Eq. (8) leads to:

M
2ar
(eT - 1)

The value of at; roughly determines if the above inequality is valid. As a result,
Eq. (10) suggests that (ii) for a spiral source, a > 0, a recurrence point appears
when #; is small and that (iii) for a spiral sink, @ < 0, a recurrence point appears
when t; is large. This type of RP appears in the red box in Figure 5c. Additionally,
(iv) when sin (ft; + 0) = 0 in Eq. (7a), the point at ¢ = ¢; can produce recurrence
with all of the points at ¢, that have very small amplitudes (i.e., the amplitudes are
close to zero). Thus, as shown in Figure 5c, the appearance of continuous horizontal
lines indicates a transition from the third type of solution (i.e., a spiral sink) into the
4th type of solution with a small or zero amplitude. Note that the distance of two
horizontal lines determined in (iv) yields an estimate of a half of the period (i.e.,
T/2.) In general, Eq. (9) suggests that the aforementioned recurrence threshold
should be selected by taking the rate of growth or decay of the oscillatory solutions
into account, which will be the subject of a future study.

le1| < é. (10)

3.3 Analysis of a steady-state solution within the 3DLM

While the 3DLM with » >24.74 produces chaotic solutions, it simulates steady-
state solutions when » < 24.74. Since the steady-state solution displays a decaying
oscillatory mode, which may resemble a weakening AEW, its RP is analyzed below.
Figure 7a displays numerical solutions of the Y mode of the 3DLM with » = 10. At
approximately ¢ = 7.0, only small fluctuations in the solution remain (i.e., the
solution has a small amplitude over this interval). Figure 7b displays the
corresponding recurrence plot with ¢ = 0.05. Initially, horizontal and vertical lines
appear, consistent with the previous analysis using Figures 5 and 6. As the solution
begins to converge to a steady state, the plot rapidly becomes denser.
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Solutions for the Y mode of the 3DLM with v = 10 (a) and the corresponding recurrence plot (b). Power spectra
for Y mode solutions of the 3DLM V2, FN = 0 (c) and FN =1 (d).

By comparison, Figure 7c displays the power spectrum for the linear 3DLM V2
(FN = 0) with the same parameter values as the solution in Figure 7a. Eigenvalues
for the 3DLM V2 FN = 0 are approximately —0.59550 + 6.17416i, — 12.47567,
indicating that the frequency of a linear solution near the nontrivial critical point is
6.174161/2n = 0.9826, as confirmed by the power spectrum. However, such a
spectral analysis does not reveal a local transition from a decaying oscillation to a
constant solution. Figure 7d provides the power spectrum for the corresponding
nonlinear simulations with FN = 1 within the 3DLM V2, which produces a result
similar to panel (c). Comparable spectra for linear and nonlinear steady-state solu-
tions are due to the fact that perturbations (which measure departures from the
nontrivial critical point) become smaller as time proceeds when solutions move
closer to the critical point.

3.4 Analysis of limit cycle solutions

At moderate heating parameters, both the 3DLM and 5DLM models produce
chaotic solutions when other parameters are held constant. By comparison, for very
large values of 7, the 3DLM and 5SDLM produce limit cycle solutions. A limit cycle is
defined as a closed and isolated orbit to which nearby trajectories converge (e.g.,
[26, 27]). In Figures 8 and 9, limit cycle solutions are simulated in order to compare
the 3DLM V2 and 5DLM V2 with the original 3DLM and 5DLM with » = 800. In all
three panels for both plots, only the trajectory in red is seen, indicating that the V2
with FN = 1 and the original versions produce the same solutions over the given
time intervals.
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Time evolution of X mode solutions (a) and X vs. Y mode solutions (b), (c) of the 3DLM V2 (FN = 1) and the
original 3DLM with r = 800. Panels (a) and (b) display solutions over the time interval [o, 5], while panel
(c) shows the solution over the interval [2.5, 5] during which the orbit becomes regularly oscillatory in (a).

In Figure 8 for the 3DLM, we plot the time evolution of the X mode in panel (a).
As shown, the solution begins by an oscillation with small time-varying amplitudes
and gradually increases to become regularly oscillatory at approximately 7 = 2.1.

In the X — Y phase space in panel (b), the solution spirals away from the
corresponding nontrivial critical point and then becomes a closed curve, leading to a
limit cycle that encloses trivial and nontrivial critical points. The closed and isolated
features of the limit cycle are clearly shown in panel (c) over the time interval
7€(2.5,5], displaying only one trajectory.

For comparison, a limit cycle solution of the SDLM is plotted in Figure 9. Just as
in plots for the 3DLM, the X mode of the 5SDLM grows until it becomes oscillatory
with a nearly constant amplitude after r = 3.2. Figure 9b plots solutions of the X
and Y modes over 7 € [0, 8]. The solution spirals outward from its initial position and
gradually forms a limit cycle. Panel (c) displays the solution in the X — Y space over
7 €[4, 8], showing a closed curve. The above spiral orbit and limit cycle and their
transition are analyzed below using the RP.

Recurrence plots for limit cycle solutions exemplify the method’s capacity for
local analysis. Figure 10a and b provides RPs for the 3DLM and 5DLM with
r = 800. In both of these RPs, four distinct line patterns can be sequentially identi-
fied: (1) a dark block or a cluster of points (bottom left), (2) vertical and horizontal
lines, (3) a large white band or a lack of points (middle), and (4) uniformly spaced
diagonal lines (upper right). As shown in Figures 8 and 9, these patterns corre-
spond to a transition from a spiral solution near a nontrivial critical point to a
(nonlinear) periodic solution that encloses trivial and nontrivial critical points.
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Time evolution of X mode solutions (a) and X vs. Y mode solutions (b), (c) of the sDLM V2 (FN = 1) and the
original 5 DLM with r = 800. Panels (a) and (b) show solutions over the time interval [0, 8], while panel (c)
occurs over the interval [4, 8] duving which the solution becomes a limit cycle.

Specifically, the solutions initially oscillate with very small amplitudes, progress
into oscillations with larger amplitudes, and finally turn into regular oscillations.
Since the patterns of the RPs directly correspond to a change in solution types, the
RPs are capable of clearly identifying local dynamics and transition. By comparison,
a spectral analysis cannot reveal such a local transition.

3.5 Analysis of global reanalysis and model data

Here, we apply the RP to analyze the case with multiple AEWs. Figure 11 plots
the time series for wind velocity at the 850 hPa level for the ERA-interim data
(a) and GMM simulations (b). In panel (a), the amplitude of the signal is nearly
constant over the entire duration. In panel (b), the signal’s amplitude generally
decays first and then grows with time. In comparison to the observations from the
NAMMA field campaign (Figure 1b or Figure 4a of [2]), previous studies (e.g.,

[2, 28]) have indicated that the GMM simulations more accurately represent actual
observations as compared to the reanalysis data.

Figure 11 displays the AEWs from the ERA-interim and GMM data, to be
analyzed below. We first create two sets of idealized oscillatory solutions that
mimic the “observed” and simulated AEWs. Figure 12a displays an idealized solu-
tion consisting of a periodic solution with a frequency of 1 and a periodic solution
with a frequency of 2, separated by periodic solutions with negligible amplitude,
similar to the ERA-interim data. In this simplified case, the oscillatory solutions
both have the same amplitude. The corresponding power spectrum indicates peaks
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A vecurrence plot of a transition from a spiral orbit (the bottom left corner) to a limit cycle (the top right
corner) within the 3DLM (top) and 5DLM (bottom) using r = 800.

at 1and 2 but does not readily offer information regarding the wave transitions (not
shown). The RP of the signal, as seen in Figure 12b, displays uniform diagonal lines
in each corner and a solid block of recurrent points in the center. These features
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Figure 11.
Time series of the wind velocity at the 850 hPa level for the ERA-interim dataset (a) and the global mesoscale
model (b).
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Idealized oscillatory data used to mimic multiple AEWs with two different periods (a) and decaying and
growing amplitudes (c). The corvesponding RPs ave seen in (b) and (d), vespectively.

indicate transitions between all three types of solution components. The first com-
ponent with a frequency of 1 is shown by the distance between the diagonal lines.
The black section in the center corresponds to no or slow variations of the states in
time. For the third component (i.e., the second periodic component), uniform
diagonal lines are present and are separated by a length of 0.5, consistent with the
frequency of 2.
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Figure 12c presents an idealized solution with the following three components:
decaying oscillations, small variations with small amplitudes, and growing oscilla-
tions. The idealized data resemble the GMM data. The first and third components
correspond to a spiral sink and a spiral source, respectively. Figure 12d displays the
solution’s RP with horizontal and vertical lines. Such a RP pattern resembles a
combined feature of the RP in Figure 7b for a spiral sink and Figure 10b for a spiral
outward solution.

The RPs for the above idealized data, shown in Figure 12b and d, are used for a
comparison with the RPs of the ERA-interim and GMM data, as shown in Figure 13a
and b, to reveal the features of observed and simulated AEWs in Figure 11.

Figure 13a presents the RP for normalized ERA-interm data at the 850 hPa level.

A solid black region is present in the middle, indicating slow variations in states
across this region. In areas surrounding the center, the familiar diagonal line structure
associated with oscillatory behavior, and possessing some degree of periodicity, can
be identified. The data results in a diagonal line structure in RPs that is comparable to
Figure 12b, consisting of periodic solutions. Based on visual inspection, most of

the recurrence points fall into diagonal lines, while a few stand alone. Finding an
estimated period for the recurrence of AEWs through the RP is feasible. By calcula-
ting the distance between them, we obtain a good measure of the time interval
between AEW occurrences. Using this approach, the distance between diagonal lines
ranges from 3.5 to 5 days, consistent with the observed AEWs.

Figure 13b provides the RP for normalized data from the 850 hPa level gener-
ated by the GMM. The line structure present displays some similarities to
Figure 12d, with a darker area in the middle and a distinct line pattern surrounding
the center. Compared to Figure 13a, one major difference is the appearance of
horizontal and vertical lines instead of diagonal lines. As suggested by the idealized
solution in Figure 12¢ and d, this type of structure indicates decaying and growing
oscillations, which is also similar to the combined feature in Figures 7b and 10b.
The distance between the vertical and horizontal lines can be used to estimate a
period for GMM data of approximately 5 days, consistent with observations as well
as the RP analysis of the ERA-interim data.
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Recurrence plots for the normalized wind velocity data at the 850 hPa level for the ERA-interim data (a) and
global mesoscale model data (b). Panels (a) and (b) produce the RP analyses that are consistent with those in
Figuve 12b and d, respectively.
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4. Concluding remarks

Accurate detection of recurrent, multiple AEWs and their evolution (e.g.,
intensification) may provide a good indicator for determining the timing and loca-
tion of tropical cyclone formation and initial intensification. Since large-scale AEWs
have better predictability, such an indicator may help extend the lead time of TC
formation prediction. To achieve this goal, in this study, we first deployed the
recurrence plot method in Python and verified our implementation using several
types of idealized solutions and three types of solutions obtained in the classical
3DLM and S5DLM. We then applied the RP method to analyze two, real-world
datasets, ERA-interim data and global mesoscale model data, in order to reveal the
time-varying amplitudes and frequencies of multiple AEWSs over a 30-day period
between late August and September 2006. Compared to traditional global analysis
methods (e.g., spectral analysis), the RP method is effective in showing temporal
growing or decaying oscillations and the transition between these two types of
solutions. As a result, the RP analysis of global data not only produces a good
estimate of the period for AEWs but also displays the weakening or intensifying
trend of AEW intensities, as shown in Figure 13.

A summary on the performance of the RP in analyzing various types of solutions
is provided below. We first performed the analysis for (1) four basic types of data,
including periodic, quasiperiodic, and chaotic solutions as well as Gaussian white
noise, (2) idealized decaying/growing oscillations, (3) steady-state solutions using
the 3DLM, (4) limit cycle solutions using the 3DLM and 5DLM with a focus on the
transition from a spiral solution near a nontrivial critical point to a nonlinear
periodic solution that encloses trivial and nontrivial critical points, and (5) idealized
solutions that mimic the features of selected AEW data with different periods and
different amplitudes. For basic types of solutions, the RP produces a consistent
analysis as compared to previous studies. For time-varying oscillations, we
discussed how recurrence may lead to horizontal and vertical lines in RPs. The
distance between two consecutive horizontal (or vertical) lines gives an estimate of
half of a period (i.e., T/2). For the fourth and fifth types of datasets, the
corresponding RP analyses clearly display local transitions between solution com-
ponents with various periods or amplitudes.

Based on its promising performance in revealing the features of idealized solu-
tions, the selected RP method was applied to analyze ERA-interim data and GMM
data, yielding a RP analysis consistent with the analysis of the idealized AEWs from
the fifth dataset. While the ERA-interim data resemble the idealized data in
Figure 12a with comparable amplitudes but different periods, the GMM data
resemble the idealized data in Figure 12¢ with decaying and growing oscillations.
The RP analysis of the ERA-interim data in Figure 13a produces an estimated
period of 3.5-5 days, and a spectral analysis of the same data yields a dominant
period of 4.7 days. Both estimated periods are consistent with the observed results.
However, only the RP analysis can reveal local variations or transitions. By
comparison, the RP pattern of the global model data in Figure 13b that displays
horizontal and vertical lines is similar to the RP plot of the idealized data in
Figure 12d. While the RP produces a comparable period of approximately 5 days, it
additionally reveals realistic information regarding the weakening and intensifying
trend of AEWs.

Recent studies within simplified and generalized Lorenz models [22, 29-32]
suggest the importance of detecting oscillatory components for extending the lead
time of weather prediction. The analysis with RP is encouraging but largely pro-
duces qualitative information. Our future work includes an application of recur-
rence quantification analysis (RQA) methods (e.g., [33-35]) for quantitatively
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determining the “recurrence rate” and “determinism” in order to quantitatively
measure the recurrence and determinism (or “predictability”) of the recurrent
solutions.
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A. Appendix A: the 3DLM Version 2

The perturbation method was applied to derive the so-called V2 system in order
to analyze solutions of the 3DLM, as well as the 5DLM, with initial conditions near
the nontrivial critical point. The 5DLM V2 and its non-dissipative V2 were previ-
ously documented in [13] and [7], respectively. This appendix simply discusses the
3DLM V2. For the 3DLM, in Egs. (1)-(3) without the feedback term XY, the total
field is decomposed into the basic state (X,, Y., Z;) and the perturbation (X', Y’, Z')
with respect to the basic state in the form of X = X, + X’ for each state variable,
yielding a new set of equations:

X, dX' / /
= —o(X + X)) to(Ye+ V), (A1)
dy, dy’ / / 1 rpt / /
o= (X Z A XZ + ZX A XZ) X+ X) — (Yo +Y),  (A2)
T T
!
izz” + ili = XY+ XY +YX +XY) - b(Z+Z). (A3)
T T

Note that the above basic state solutions are determined using the time-
independent, nontrivial critical point solutions, defined as (e.g., [11])

Z.=r—1, (A4)
X, =Y. =+bZ. (A5)

Since the basic state solutions are time independent, Egs. (A1)-(A3) are reduced
to become

!
dd—X =—oX' -Y), (A6)
T
ay’ , / y It
= (r—Z)X —X.Z' — Y —FEN(X'Z"), (A7)
T
dz' , " / /7!
To=YX XY —bZ +EN(X'Y"), (A8)

which describe the time evolution of the perturbations. FN is a flag identifying
whether the system is fully nonlinear (FN = 1) or not (FN = 0). The above system
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—— 3DLM V2(FN=1)
— 3DLM V1

T T T T T T

0 10 20 30 40 50
tau

Figure A1.
Time evolution of the X mode solutions of the original 3DLM and 3DLM V2 with FN = 1over the time interval
0 <7 <50 with a time step At = 0.001.

61 — 3DLM V2(FN=0)
—— 3DLM V2(FN=1)

tau

Figure A2.
Time evolution of Y' linear (blue) and nonlinear (ved) solutions using the 3DLM V2 with 0 < v < 110 and
A7 = 0.001.

with FN = 0 or FN = 1is referred to as a Version 2 system, denoted by V2. In the
V2 system, there are no nonlinear terms that involve the product of two basic state
variables. The system only allows interactions between one basic state variable and
one perturbation (i.e., X.Y’) or between two perturbation variables (e.g., X'Y’). By
setting FN = 0, the system is linear with respect to the perturbation. When the
initial perturbations are small, nonlinear terms with two perturbation variables are
smaller. Thus, such a linear system is capable of depicting the initial time evolution
of the full 3DLM when the perturbation is small. In comparison to the full 3DLM,
the nonlinear V2 model (FN = 1) produces the same solutions, even at the onset of
chaotic irregular oscillations, as shown in Figure A1. The time evolutions of the Y’
solutions for both FN = 0 and FN = 1 are shown in Figure A2. The solutions are
initially the same and begin to diverge as time further progresses, indicating the
impact of nonlinearity. An eigenvalue analysis of the 3DLM V2 is provided in
Section 2.1.3 of Reyes [24].
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Chapter 4

Response of the Coastal Ocean to
Tropical Cyclones

Zhiyuan Wu and Mack Conde

Abstract

The Northwest Pacific and the South China Sea region are the birthplaces of
most monsoon disturbances and tropical cyclones and are an important channel
for the generation and transmission of water vapor. The Northwest Pacific plays
a major role in regulating interdecadal and long-term changes in climate. China
experiences the largest number of typhoon landfalls and the most destructive
power affected by typhoons in the world. The hidden dangers of typhoon disasters
are accelerating with the acceleration of urbanization, the rapid development of
economic construction and global warming. The coastal cities are the most dynamic
and affluent areas of China’s economic development. They are the strong magnetic
field that attracts international capital in China, and are also the most densely pop-
ulated areas and important port groups in China. Although these regions are highly
developed, they are vulnerable to disasters. When typhoons hit, the economic losses
and casualties caused by gale, heavy rain and storm surges were particularly serious.
This chapter reviews the response of coastal ocean to tropical cyclones, included
sea surface temperature, sea surface salinity, storm surge simulation and extreme
rainfall under the influence of tropical cyclones.

Keywords: tropical cyclones, typhoons, coastal ocean dynamics, sea surface
temperature, sea salinity, extreme rainfall; air-sea interaction

1. Introduction

Tropical cyclones are some of the most destructive natural disasters, which
often bring huge losses to people’ life and property. The Northwest Pacific and the
South China Sea regions are the birthplaces of most monsoons and typhoons and
are important channels for the generation and transmission of water vapor [1-3].
The influence of a typhoon on a region is often not only a heavy wind disaster. At
the same time, the heavy rain, extreme waves, storm surges, and coastal inundation
that are produced will also have a huge impact on the region, which will result in the
formation of a typhoon disaster chain [4-6].

There are more than 20 typhoons in the Pacific Northwest each year, which is
the region with the most frequent typhoon activity in the world. China, which has
along coastline on the west coast of the Pacific Ocean, is the country with the most
frequent typhoon attacks in the world, with an average of 9.3 per year, resulting in
a direct economy every year. The losses exceeded 100 billion yuan and the number
of casualties reached thousands. Therefore, a comprehensive understanding and
in-depth study of the typhoon process, especially the improvement of typhoon
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monitoring and early warning capabilities, is an inevitable requirement for the
disaster reduction work of our national defense platform.

In the past few decades, from the perspective of atmospheric science, the
research on the mechanisms of typhoon development, numerical simulation and
forecasting has made great progress. However, as a strong atmospheric process,
typhoons have violent disturbances, the cumulative effects of many typhoons
will also have a significant impact on the ocean’s thermo-salt structure and ocean
circulation and global ocean heat transport. These effects will counteract typhoons,
affect not only the intensity and path of specific typhoons, but also the global
the low-frequency variation characteristics of the typhoon. But so far, the lack of
on-site observation data during the typhoon has made the study of multi-scale
response and feedback mechanism of typhoon not deep enough. People cannot
simulate the interaction process between the ocean and typhoon well. The reliable
initial ocean field required for typhoon forecasting has greatly limited the further
improvement of typhoon research and forecasting capabilities.

The typhoon is a devastating natural disaster that has long been a focus of
attention in the field of atmospheric and oceanic research [7, 8]. With the rapid
development of computers, the numerical simulation of typhoons is becoming
increasingly developed, and the model resolution is getting higher and higher [9].
The Pacific Northwest is the most concentrated area of global tropical cyclones
(also known as typhoons in the Pacific Northwest). China is located on the west
coast of the Pacific Ocean, with a long coastline and a special geographical posi-
tion on the southeast coast. It has been hit by typhoons frequently, with an average
annual rate of 9.3, ranking first in the world. The typhoon is one of the most serious
natural disasters in China [10-12]. The annual direct economic losses caused by the
typhoon are nearly 100 billion yuan, and the number of casualties is thousands. On
the one hand, the strong winds and heavy rains that landed in the typhoon brought
huge meteorological disasters to the vast areas of China, posing a huge threat to the
peoples lives, property and production activities. On the other hand, huge waves
and storm surges caused by typhoons have also caused serious marine disasters,
which have caused major safety hazards and economic losses to offshore opera-
tions and transportation, coastal protection projects, marine fisheries and marine
aquaculture. Coastal areas are one of China’s most economically developed regions,
which are vulnerable to the effects of marine disasters [13-16].

Therefore, studying the movement mechanism of typhoon, accurately forecast-
ing the influence of typhoon and reducing storm surge disasters have important
social value for the protection of national economic development and people’s lives
and property safety.

From the perspective of practical application, improving the monitoring and
forecasting ability of typhoon is the fundamental goal of typhoon research. Due to
the multi-scale characteristics of the interaction between ocean and typhoon, the
ocean data assimilation for the typhoon process should also be multi-scale. Due
to extreme sea conditions under typhoon conditions Harsh, satellite remote sens-
ing data has become an important data source for assimilation. However, remote
sensing can only provide sea surface information. At present, people usually use the
projection mapping method and multiple dynamic constraints to map surface infor-
mation to the ocean subsurface and assimilate. Some assimilation methods still lack
universality. How to establish a sea surface data assimilation method that considers
more dynamic constraints and is more suitable for typhoon conditions is an impor-
tant part of the future sea-air coupled data assimilation research. For the actual
operational forecast of the typhoon, International or domestic still rely mainly
on numerical weather patterns. After long-term exploration and improvement,
the main forecasting modes are for atmospheric processes (such as atmospheric
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boundary layer physical properties, cloud physical processes, atmospheric tur-
bulent energy calculations, cumulus convective parameterization schemes, etc.).
There has been considerable progress in simulation and forecasting capabilities.
The understanding of ocean feedback is insufficient. The current typhoon numeri-
cal (weather) forecasting model still has significant errors, especially for typhoon
intensity and wind and rain distribution forecast. The United States is the first

to develop a sea-air coupled hurricane (the Atlantic called hurricane, the Pacific
Ocean). After years of operational operation, the improved air-sea coupled model
has improved both the intensity of the hurricane and the path prediction compared
with the traditional atmospheric model.

In summary, the interaction between the ocean and typhoon has obvious
scientific significance and important practical value. At various time and space
scales, people’s understanding of the mechanism of the ocean response to typhoon
and modulation is obviously insufficient. At present, air-sea coupling The model’s
ability to simulate, assimilate and forecast the typhoon process is still very lim-
ited, which has become a bottleneck problem to further improve the typhoon
forecasting capability.

2. Sea surface temperature response to tropical cyclones

With an increase in sea surface temperature (SST), the total number of tropical
cyclones in the North Pacific, Indian Ocean, and southwest Pacific Ocean decreases,
and the cyclone development period shortens, but the number and proportion of
tropical cyclones reaching super typhoon intensity increases greatly [17].

In the study of air-sea interaction, the response of the upper ocean to typhoons
is a hot topic [18]. Typhoon transit can cause ocean mixing and upwelling, and sea
surface cooling is the main feature [19]. The cooling caused by a typhoon is mainly
related to the intensity, propagation speed of the typhoon, and the ocean condition
before typhoon arrival, such as the location of cold vortices, the thermodynamic
structure of the upper ocean, the position of the 26°C isotherm, etc.

Cyclonic wind stress results in the upwelling of sea water in the center of the
path, the decrease of sea surface temperature, and the heat transfer from the surface
to the atmosphere. Strong winds cause turbulent mixing of the ocean, entraining
cold water from the lower layer into the mixing layer, resulting in cooling of the
upper sea water and deepening of the mixing layer [10-21]. Inclusive mixing distur-
bances cause 85% of irreversible ocean heat to enter the atmosphere; direct air-sea
interaction plays a minor role in surface cooling. Mixed layer plays an important role
in sea surface cooling [22-24]. After typhoon transit, the ocean response is mostly
the internal nonlocal baroclinic process caused by wind stress. In baroclinic driving
stage, the flow of mixing layer 1 m/s is induced by vertical mixing, and the flow of
near-inertial oscillation frequency wave into thermocline, which lasts for 5-10 days.
The barotropic driving process usually results in geostrophic currents and associ-
ated sea surface height changes.

Using the observed data to study the ocean response to typhoons is a common
research method. However, due to the severe weather conditions during the transit
of tropical cyclones, it is very difficult to obtain fixed-point observation data.

There is a strong mass transport, energy exchange, and interaction between the
atmosphere and the ocean during a typhoon process [25, 26] (Figure1).

The response mechanism of the ocean to typhoon can be considered from two
levels. First, the typhoon-driven mesoscale three-dimensional ocean circulation will
have a significant impact on the local dynamics and thermal processes. The resulting
near-inertial internal waves and vortices can input a large amount of mechanical
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Figure 1.
The spatial distribution of change in sea surface temperature (ASST) in the northern area of the South China
Sea under the influence of typhoon Kai-tak (2012).

energy into the ocean, thus significantly enhancing the local The ocean mixes and
changes the warm salt structure of the upper ocean. Second, in the interior of the
ocean, the energy input into the ocean by typhoons in the form of near-inertial
internal waves travels along the oceanic thermocline to distant places, such as the
entire tropical Pacific. During the propagation process, they interact nonlinearly
with the original internal waves and near-inertial oscillations inside the ocean,
which affects the ocean basin scale and even the global energy distribution, and
leads to an increase in ocean mixing rate in some specific regions. The modulation
of the typhoon by the ocean can also be considered from two scales. On the weather
scale, the ocean plays a very important role in the movement and action of typhoons.
The maturity stage is mainly characterized by negative feedback that reduces the
sea surface temperature. However, when the upper ocean warm water is thicker,
the typhoon transit will not cause obvious sea temperature anomaly, and the lack
of negative ocean feedback can cause the typhoon to strengthen. The interac-
tion between the ocean mesoscale process and the typhoon is currently a focus of
typhoon research. Usually, the warm vortex can quickly strengthen the typhoon,
and the cold vortex can quickly weaken the typhoon. At the climate scale, global
warming and interannual and interdecadal variations of climate can cause changes
in ocean circulation and thermal conditions, resulting in low-frequency modulation
of the intensity and frequency of typhoons.

3. Sea surface salinity response to tropical cyclones

The typhoon is one of the most serious natural disasters that affects the coastal
ocean environment in China [27, 28], especially in the eastern and southern estu-
aries, such as the Yangtze River Estuary [29] and the Pearl River Estuary [30-33].
During a typhoon, the coupling of various dynamic factors, such as wind, waves,
storm surges, and river runoff, greatly enhances the mass and energy exchange
of various interfaces in the ocean and is accompanied by heavy rain and storm
runoff on the surface [34-37]. Scouring can transport a large amount of minerals
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from the land to an estuary offshore, causing sudden changes in the water quality
of the estuary, which may have an important impact on the marine ecological
environment [38-40].

On the one hand, typhoon transit strengthens the mixing process of offshore
water [41-43]. On the other hand, the heavy rainfall brought by a typhoon rapidly
increases river runoff into the sea, and a large amount of land-based materials are
washed away and brought into the estuary offshore area [44—47]. These changes
due to the influence of a typhoon significantly affect the physical, chemical and
biological processes of estuarine offshore waters, which in turn have an impact on
the structure and function of the ecosystem [48-50]. Studying the changes of the
estuarine nearshore environment under the influence of a typhoon and its ecologi-
cal effects are of great importance for further understanding the evolution process
of ecosystems in this region on a long-term scale [8, 51].

Field observations show that the salinity of the surface water of an estuary usu-
ally shows a sharp change during a typhoon and the resulting rain, which gradually
rises after entering the recovery period [8, 52-54]. During typhoon crossing, the
disturbance caused by strong winds strengthens the mixing process of the estuary
and its adjacent waters. However, this process has a passing impact on the water
environment, and the runoff diluting water expansion and the external seawater
intrusion play a greater role in changing the water environment after a typhoon.
Among these, the strengthening of a typhoon after the expansion of fresh water
greatly affects the upper water, the upper salinity decreases after the typhoon, and
the nutrient salt concentration increases significantly. External seawater intrusion
substantially changes the bottom water environment. The salinity of the bottom
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Figure 2.

Changes in stratifications salinity influenced by typhoon Kai-tak based on the fully coupled WRF-SWAN-
ROMS model (beginning on 2012-08-15 00:00:00 UTC).
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layer increases after a typhoon, and the nutrient concentration of nitrogen and
silicon decreases.

Typhoons or tropical cyclones are strong wind events in the climate system
and are a strong form of air-sea interaction. The strong vertical mixing and wind
field generated by a typhoon has a major impact on the upper ocean dynamics and
ecosystem [55]. Due to typhoons, there is a decrease in sea level, a decrease in sea
surface temperature, an increase in phytoplankton blooms and a decrease in primary
productivity, which also affect marine fisheries [56-58]. Typhoons mainly affect
the marine ecological environment through two physical mechanisms: (1) aftera
typhoon, a cold vortex is formed, causing seawater to upwell and the lower layer of
cold nutrient water is transported to the upper layer [59, 60]; and (2) the typhoon
intensifies the vertical mixing of the upper ocean by a strong wind process [61-64].

At present, most research on the sea surface salinity (SSS) response to typhoons
is limited to the estuary area. According to the physical and biochemical environ-
mental conditions of the estuary, SSS may show an upward or downward trend
after typhoon transit [2, 22, 65-75]. However, studies on marine ecological factors,
especially SSS and the response to typhoon transit, are limited and have not been
discussed in detail [76-79]. The South China Sea (CSC) is the largest marginal sea
in the Pacific Northwest, and is also a frequent typhoon zone, but it is difficult to
obtain measured data during typhoons.

Due to the harsh meteorological conditions during typhoon transit, the use
of on-site observation methods in an estuary to study the changes in the marine
environment before and after a typhoon is very limited. The numerical simulation
method is an effective way to study the distribution characteristics of fresh and salt
water in an estuary under the influence of a typhoon (Figure 2).

4. Storm surge modeling during tropical cyclones

The Northwest Pacific and the South China Sea region are the birthplaces of
most monsoons and typhoons and are an important channel for the generation and
transmission of water vapor [18, 80-84]. The Northwest Pacific plays a major role
in regulating interdecadal and long-term changes in climate [46, 85, 86]. China is
the region with the largest number of typhoons and the most destructive power
affected by typhoons in the world [87, 88].

Compared with large-scale phenomena such as global climate change, small- and
medium-scale phenomena such as typhoons and thunderstorms have an even greater
impact on people’s production and life [6, 89, 90]. Typhoons and hurricanes present
some of the greatest threats to life and damage to property [91]. The influence of a
typhoon on a region is often not only a heavy wind disaster. At the same time, the
heavy rain, extreme waves, storm surges and beach erosion [24] that are produced
will also have a huge impact on the region, which will result in the formation of a
typhoon disaster chain [19, 92-94]. Therefore, studying the movement mechanism
of typhoon, accurately forecasting the influence of typhoon and reducing storm
surge disasters have important social value for the protection of national economic
development and human and property safety.

Tropical cyclones (TCs) present some of the greatest threats to life [25, 95-98]
and damage to property [99]. The SLOSH model was widely used in storm surge
simulation in seas, lakes, and on land. Blumberg and Mellor (1987) developed the
POM model to simulate large-scale ocean and coastal water levels, and flow field
changes. Many ocean models have been developed and used for the simulation of
storm surges, such as the ECOM model, ROMS model, CH3D-IMS model, CEST
model, SELFE model, Delft3D model, ADCIRC model and FVCOM model. They

70



Response of the Coastal Ocean to Tropical Cyclones
DOI: http://dx.doi.org/10.5772/intechopen.90620

have achieved very good results and laid the foundation for understanding the
dynamic mechanism of storm surges. The development of a coupled atmospheric
and ocean model had significant effects on improving the accuracy of numerical
prediction. The establishment of a coupled atmosphere and ocean model is an
effective method to solve this problem (Figure 3).

The typhoon numerical model is the focus of typhoon research and the key to
typhoon forecasting. The modern model has a certain forecasting ability for the
typhoon path, but the forecast of typhoon intensity is still a recognized problem
in the international meteorological community. The reason is that, besides the
understanding and simulation of the atmospheric environment and the structure of
the typhoon itself is not accurate enough, it is also one of the important reasons for
the lack of understanding of the complexity and feedback of related ocean dynam-
ics and thermal processes. When the typhoon transits, it exerts a great shearing
force on the sea surface. The related wave breaking and the interaction between the
wind field and the Stokes drifting can generate a large amount of turbulent kinetic
energy, which produces a wave below the sea surface. The turbulent enhancement
zone enhances the rate of turbulence dissipation in the upper ocean. Therefore,
the establishment of a relatively complete marine hybrid scheme is an important
way to improve the maritime-coupled typhoon model. In addition, improving
the sea surface flux parameterization scheme under strong wind conditions is
also an urgent need to improve the model prediction capability. With the rapid
increase of computing power and technology, the air-sea coupled typhoon model
has broken through the limitations of the early axisymmetric typhoon model and
the mixed-layer ocean model, and replaced it with a complete fully coupled ocean
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Spatial distribution of storm surge level influenced by typhoon Kai-tak (start at 2012-08-15 00:00:00 UTC).
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and atmosphere model. At present, the world’s 1/32 to 1/900 degree resolution
ocean model is being developed, which will provide strong support for the study of
small-scale processes in the ocean and the multi-scale interaction between ocean
and typhoon.

5. Future plans

The interaction between the ocean and the typhoon is a major scientific issue
with significant scientific significance and important practical value. In recent
years, with the support of national major scientific research projects, China has
comprehensively utilized on-site observations from the perspective of air-sea
interaction. Research methods such as theoretical analysis, data assimilation, and
model prediction systematically study the response and modulation mechanism of
the upper ocean to the typhoon, the interaction between the ocean and atmospheric
observation system for the typhoon, the ocean mesoscale process and the typhoon,
and the ocean to the typhoon. A series of innovations have been achieved in low-
frequency response and modulation, physical mechanisms and parameterization
of typhoons affecting the upper oceans, ocean multi-source data assimilation
and parameter estimation during the typhoon, and ocean-air coupled prediction
technology and applications in typhoons and marine environments. These research
results will provide a solid theoretical foundation and technical support for further
improving the forecast level of typhoon business in China, and make substantial
contributions to the major national needs of disaster prevention and reduction.

However, it must also be recognized that China is still very lacking in the
research field of interaction between ocean and typhoon, and there is still a big
gap with the international advanced level. Compared with the national demand
for disaster prevention, there are still obvious deficiencies. Based on the research
results, we believe that the major scientific problems and major challenges in the
interaction between oceans and typhoons are mainly reflected in the following
points.

a. On-site observations are still very scarce. As described in this paper, China has
already made important practices in ocean monitoring of typhoon processes and
has obtained valuable on-site observations. Especially in the field of sea-air coor-
dinated observation, China has launched A useful attempt. After the technology
and security conditions are more mature, the typhoon observations coordinated
by the sea-air will provide the necessary information for deepening the typhoon
research. In addition, due to the harsh sea conditions during the typhoon, the
long-term monitoring system for the typhoon process is still missing. The Pacific
region and the northern part of the South China Sea are the regions with the
highest typhoon in the world, and are almost the only way for typhoons that
cause major disasters in our country. Therefore, long-term observation networks
are built and maintained in the region (for example, the cross buoy/potential
system) An array of observations for the basic structure is an effective means of
enhancing ocean and atmospheric monitoring during the typhoon.

b.The response mechanism of the multi-scale circulation system of the upper
ocean to the typhoon needs to be deepened. The circulation system of the
upper ocean is very complicated. The typhoon prevailing in the northwestern
Pacific includes the North Pacific subtropical circulation and tropical circula-
tion driven by the trade wind, by buoyancy flux. The shallow transfected circu-
lation of the North Pacific, the monsoon-driven circulation of the South China
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Sea, and the small-scale circulation and vortex superimposed on these large-
scale circulations. Typhoons can not only affect and even drive small- and
medium-scale ocean circulation and vortex on the weather scale. The rotation
can also affect the large-scale ocean circulation of the climatic state by chang-
ing the thermal salt structure of the upper ocean. Therefore, the response of
the multi-scale circulation system of the upper ocean to the typhoon includes
various dynamic processes, thermal processes, and nonlinearities between
them. Interactions, these are major challenges in the study of the interaction
between ocean and typhoon. Reveal the propagation, transfer and dissipation
mechanisms of near-inertial energy input into the ocean by typhoons, and
understand the mesoscale processes such as ocean vortex and internal waves
during typhoon transit. Response characteristics and excitation mechanism to
determine the “heat pump” and “cold suction” of the typhoon. The different
effects on ocean stratification are the core of solving these problems.

c. A quantitative study on the modulation of typhoon intensity by the dynamic
and thermal structures of the upper ocean. The dynamic and thermal struc-
ture of the upper ocean determines the magnitude of sensible heat and latent
heat flux at the air-sea interface during typhoon transit. The maintenance
and development of typhoons, especially the changes in typhoon intensity,
depending on the energy and water vapor provided by these fluxes. Therefore,
the dynamic and thermal structures of the upper oceans can play an important
role in modulating the intensity of typhoons. The path and intensity are closely
related, but since the typhoon intensity is directly affected by the energy
provided by the ocean and is the weak link of the current typhoon forecast,
we should pay special attention to the modulation of the typhoon intensity by
the ocean. If the marine environment does not change, this modulation can be
easily estimated from the upper maritime structure of the climatic state. But
the problem is that the dynamic and thermal structures of the upper ocean are
constantly changing at various spatial and temporal scales. Understand the
feedback mechanism of the maritime mesoscale process on the typhoon on the
weather scale, reveal the climate. The low-frequency variation of the upper
ocean circulation and heat content under changing background should be
solved by this question. The key to the question.

In short, based on the existing research foundation and experience, we suggest
that in the future research on the interaction between ocean and typhoon. On the
basis of the mechanism, the typhoon intensity and the forecasting ability of the
marine environment are improved, and the predictability of typhoon low-fre-
quency variability is evaluated, making China one of the world’s leading researchers
in the interaction between ocean and typhoon.

6. Summary

Observations over the past few decades have shown that the frequency, intensity,
and duration of tropical cyclones vary over the interannual, interdecadal, and even
longer timescales. Global warming caused by human activities and low-frequency
natural oscillations in the Earth’s climate system may have an impact on typhoons,
but the relative importance of the two is still controversial. Whatever the case,
the role of the ocean is unquestionable. Because on a long-term scale, the memory
of the climate system is mainly stored in the ocean, any low-frequency variation
must be related to the ocean. Previous studies on the low-frequency modulation
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of tropical cyclones in the ocean have focused on the correlation analysis between
tropical sea surface temperature and typhoon parameters, but such analysis has

its limitations. For example, the variation of the total power consumption of the
Atlantic tropical cyclone has a good correlation with the variation of the sea surface
temperature. If this empirical relationship is brought into the climate model, the
total power consumption of the Atlantic tropical cyclone will increase by 3 times
by the end of the 21st century. However, if a similar empirical relationship is
established by subtracting the global tropical average from the tropical Atlantic sea
surface temperature variation, the total tropical Atlantic cyclone power consump-
tion predicted by the climate model remains essentially unchanged. This shows that
the Atlantic tropical cyclone has been mainly modulated by natural low-frequency
oscillations for the past 30 years.

In addition to high-resolution models, advanced data assimilation techniques are
also essential to improve the simulation and forecasting capabilities of the typhoon
model. Data assimilation can assimilate data from different sources, different time
and space, and different elements into the dynamic model, and obtain an analysis
field that is more detailed than the observation data and more realistic than the
model results. For the assimilation of ocean data in the typhoon process, the most
important problem is how to achieve multi-scale, multi-variable assimilation,
extract the information reflecting the multi-scale interaction between ocean and
typhoon in the observation system, and ensure the consistency of the model state
field correction; The determination of the dependent background field error
covariance matrix is also a problem.

In summary, the response and modulation mechanism of the ocean to typhoons
is an international frontier proposition for marine and atmospheric science
research. It is extremely challenging in terms of theoretical methods, observation
techniques, model development and data assimilation. Taking this as an entry
point, it is expected to achieve breakthrough basic research results, develop and
improve marine science theories, and promote the interdisciplinary and common
development of marine and atmospheric sciences while meeting the major needs of
the country.
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Chapter 5

The Use of a Spiral Band Model to
Estimate Tropical Cyclone
Intensity

Boris Yurchak

Abstract

Spiral cloud-rain bands (SCRBs) are some of the most distinguishing features
inherent in satellite and radar images of tropical cyclones (TC). The subject of the
proposed research is the finding of a physically substantiated method for estimation
of the TC’s intensity using SCRBs’ configuration parameters. To connect a rainband
pattern to a physical process that conditions the spiraling feature of a rainband, it is
assumed that the rainband’s configuration near the core of a TC is governed pri-
marily by a streamline. In turn, based on the distribution of primarily forces in a
TC, an analytical expression as a combination of hyperbolic and logarithmic spirals
(HLS) for the description of TC spiral streamline (rainband) is retrieved. Parame-
ters of the HLS are determined by the physical parameters of a TC, particularly, by
the maximal wind speed (MWS). To apply this theoretical finding to practical
estimation of the TC’s intensity, several approximation techniques are developed to
“convert” rainband configuration to the estimation of the MWS. The developed
techniques have been tested by exploring satellite infrared imageries and airborne
and coastal radar data, and the outcomes were compared with in situ measurements
of wind speeds and the best track data of tropical cyclones.

Keywords: hyperbolic-logarithmic spiral, tropical cyclone, spiral cloud-rain bands,
maximum wind speed, approximation

1. Introduction

The issue addressed in this chapter relates to methods for estimating the inten-
sity of a tropical cyclone (TC) from the characteristics of its cloud-rain field (CRF)
structure. In general, these methods are empirical and semiempirical, i.e., they are
based on the correlation of the structural features of the CRF with the intensity of
the TC found from observations from satellites and radars. The most widely used
method in operational practice is the Dvorak method [1, 2]. This chapter relates to
the exploring of one of the most pronounced structural elements of the CRF, which
are spiral cloud-rain bands (SCRBs). Attention was first attracted to these bands by
Wexler [3] based on aircraft observations. It was suggested that SCRBs indicate the
mature cyclone and its organization follows the streamlines. The authors of [4]
described the SCRBs observed on the radar and suggested to use a modified loga-
rithmic spiral to express its configuration in mathematic form. Although SCRBs
have been studied for a long time, there is currently no consensus about their origin

83 IntechOpen



Current Topics in Tropical Cyclone Research

and mechanism of generation. Reviews of proposed hypotheses are given in [5-8].
In the paper of Lahiri [9], a first attempt was undertaken to estimate the effect of
the TC intensity on the geometric characteristics of SCRBs. In this study, a simple
model of a TC in which the low-level streamlines were described by logarithmic
spirals was suggested. It was shown that the rate of generation of a latent heat in the
model was proportional to the crossing angle that is a parameter of the spiral. (As
follows from [4], the “crossing angle” of a SCRB of a finite width is the angle at
which the longitudinal axial curve of the SCRB crosses the concentric circle (cen-
tered at the center of the cyclone) at a given arbitrary point belonging to the axial
curve; that is, this is the angle between the tangents to the axial curve and the said
circle at this point). As a result, crossing angle decreases as cyclones matured since
the latent heat is very small in this stage. However, no relationship between the
maximum wind speed (MWS) and the crossing angle was obtained. Moreover, the
description of SCRBs by a logarithmic spiral only is an internally contradictory
approximation due to the following circumstances. On the one hand, the main
property of the logarithmic spiral is the constancy of the crossing angle for any of its
points. Therefore, in particular, the alternative name of this spiral is an equiangular
spiral. On the other hand, it was found that the crossing angle is sensitive to wind
speed. But wind speed is not constant along the SCRB. Therefore, the crossing angle
cannot have a constant value along the SCRB as well. Thus, the main feature of the
logarithmic spiral (constancy of the crossing angle) is not consistent with the
physics of the process. In the modified logarithmic spiral [4], the experimentally
observed dependence of the crossing angle on distance is taken into account by
introducing a radius of so-called inner limiting circle, at which the crossing angle is
zero. However, the relationship of this radius with the intensity of the cyclone and
the radius of the maximum wind (RMW) has not been established. It should be
noted that the “spiralness” of the SCRB is also used in the empirical Dvorak method,
although only at the qualitative level, by estimating the sector occupied by the spiral
structure (“count the tenths” method), which is approximated by a logarithmic
spiral with the crossing angle of 10°. However, as it was stated in [10], this spiral
does not have a physical basis. In our papers [11-14], the assumption of authors

[3, 4, 9] that rainbands are well arranged along streamlines was also used. In
general, this assumption is confirmed by a comparison of radar and aircraft data
(e.g., [15, 16]). The same orientation of the principal rainband along the jet is
demonstrated in [7]. Further, the expression for spiral streamline has been derived
in [11] in the closed form as hyperbolic-logarithmic spiral (HLS). The most advan-
tage feature of the HLS is the dependence of one of its parameters on the MWS.
Unlike the previous studies, the HLS was not assumed but was accurately derived
based on physical considerations. At the same time, it turned out that only the
peripheral portion of the HLS is similar to the logarithmic spiral. The size of this
portion and the corresponding crossing angle are determined by the parameters of
the cyclone, including the MWS. Unlike the modified logarithmic spiral, the change
in the tangent of the crossing angle in the HLS is governed not by the distance
weight function (equal to zero at the distance equal to the radius of the inner
limiting circle and approaches unity at the outer edge of the cyclone), but by the
physical parameters of the cyclone. However, it is not possible to determine the
MWS by the crossing angle of the logarithmic section of the HLS only, as well, due
to multifactor influence on the crossing angle. On the other hand, approximation of
a SCRB by the HLS allows determining the MWS based on the known characteris-
tics of the cyclone in cases when the SCRB is sufficiently long and markedly differ-
ent from the logarithmic spiral. A discussion of the physical basis of the proposed
method, methodology, and results of its application is the subject of this chapter. In
particular, the derivation of the HLS based on the distribution of forces affecting
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the cyclone, methods for approximating the SCRB, the results of estimating the
MWS from radar, and satellite data in comparison with the data of direct measure-

ments and final conclusions of the corresponding meteorological services (Best
Track reports) are provided.

2. Hyperbolic-logarithmic model of a streamline in a cyclone
2.1 Streamline equation in polar coordinates

As per Batchelor [17], radial (v) and tangential (#) components of a fluid flow
are respectively:

~ldy

v *;%, (1)
__dy

u= —%, (2)

where 7 and ¢ are polar radius and polar angle, respectively, and ¥ is the stream
function. The combination of (1) and (2) results the streamline equation in polar
coordinates:
dp 1

—r— = “dr. 3)
u v

Considering% = tan (u), where y is the inflow angle (Figure 1), the final form of

the streamline equation is

dp 1
iy tan u(r) (4)
It should be noted that the sum of inflow and crossing angles is the right angle

(Figure 1).

Figure 1.

To the derivation of the streamline equation. a is the crossing angle; y is the inflow angle; the bold dashed curve is
the streamline; solid curves designate p and p-Ap isobars (p is the pressure, Ap is the pressure change between
isobars); V is the wind speed of air in point S; u and v ave tangential and radial components of the wind speed V at
point S, respectively; and ¢ is the polar angle of radius vector r counted off from arbitrary selected point S,.
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2.2 Inflow angle from the balance of forces in a cyclone

To express the streamline Eq. (4) through the physical parameters of a cyclone,
the inflow angle should be evaluated based on the balance of forces in a cyclone.
The diagram of forces is depicted in Figure 2 as follows from [18].

The balance condition called Guldberg-Mohn balance [19] is expressed as
follows:

Fg=Fp (%)
where
__lop
Fg= o (6)

is the gradient force (p is the air density);
Fp=F, +F,; +Fy )

is the balancing force containing

2
F=" ®)
r
which is the centrifugal force;
Fu=V-f, 9)

which is the deflecting force (f = 2w sin ¢ is the Coriolis parameter,  is the
angular speed of the Earth rotation, and ¢ is the altitude); and

Fr=—-k-V, (10)

which is the frictional force, where k is the friction factor (s~ ). All forces in the
above expressions (8)—(10) are given per unit mass. As it follows from Figure 2 and
Egs. (8)-(10), the tangent of inflow angle under the steady-state air movement in
the friction layer is defined by a relationship:

F.+Fy
|FR|

V(r)
kr

tanu(r) = :]EC + (11)

2.3 The streamline equation as a function of physical parameters of a cyclone

Let us assume for definiteness that the speed of wind V(r) changes with cyclone
radius in accordance with a power law which is inherent to the Rankine vortex [20]:

V) =V () 2w, 12)

r

where V,, is the MWS, # is the exponent (hyperbolic index), and ,, is the radius
of the maximum wind (RMW). Under these conditions, Eq. (4) can be written as

B 1
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I'p

Figure 2.
Balance of forces in a cyclone under steady-state air movement in the friction layer (after [18]); designations are
the same as for Figure 1.

where
B=f/k (14)
and
b=Vt k. (15)
The solution of Eq. (13) is [11]
—¢=Bln%—nil(ﬁ—ﬁ%), (16)

where 7 is the radius where it is assumed that ¢ = 0. Simplifying this expression,

one can get
1

where y = r/rg is the normalized polar radius and coefficient A is given by an
expression

Vn
A=—""T1_V,. 18
k(n + 1)t (18)

The first and second terms of Eq. (17) can be named, respectively, as hyperbolic

and logarithmic components of the streamline equation of wind in a TC in the polar
coordinates. Accordingly, Eq. (17) can be named the hyperbolic-logarithmic spiral.

2.4 Alternate representations of HLS streamline

Because "™ = exp {(n + 1)Iny}, the expression (17) can be transformed to the
exponent-logarithmic form

p=A- {e*"*l)lny _ 1} — B-Iny. (19)
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Using the Maclaurin series expansion for an exponential function
(o]
(e" => x/ i!) and combining the coefficients at the argument of the first power,
i=0

Eq. (19) can be written as a polynomial:
© 1 i )
(p:AZ{(niiT)}(lny)' —{A(n+1) +Bllny (20)
i=2 :

As follows from Eq. (20), the HLS contains linear and nonlinear parts in regard
to the logarithm of the relative polar radius (Iny). Taking into account the expres-
sion for coefficient A (18), the linear part is the logarithmic spiral (¢;) that can be
expressed in the form:

n Vi
¢, =—{A(n+1)+B}lny = — VTmHVm +B|lny = —B(y:‘n— + 1)lny (21)
krl Ve

where V¢ = fr is the Coriolis speed at distance 7o and y,, = /70 is the relative

RMW. As follows from Eq. (21), the tangent of the crossing angle of the linear part
of the HLS depends on many factors as follows:

v -1
tana = {B (y:‘n Vmax + 1) } . (22)
C

2.5 Graphical representations of HLS streamline

To illustrate the dependence of HLS primary features versus the MWS and the
friction factor, the graphical diagrams in polar coordinates (Figure 3) and semilog-
arithmic coordinates (Figure 4) for three values of MWS and two values of the
friction factor are provided below.

Figure 3 reflects the known feature of a rainband, as it has been summarized by
Willoughby [16]. A rainband of a cyclone from the periphery to its center is curved,
due to the increase in the angular velocity, and therefore can be transformed into a
logarithmic spiral. As the intensity of a cyclone increases, the slope of the twist
decreases, and the band configuration becomes like a circular arc. Indeed, the HLS
is similar to a logarithmic spiral, but only on the periphery of a cyclone, as shown in
Eq. (20), where the normalized polar radius (y) is a little less than 1. Toward the
center of the cyclone (y < 1), the first term in Eq. (20) begins to prevail over the
second one, and the HLS begins to “round off” (with constant k and #) accordingly
with the observations. The distance where it happens depends on the parameter
ratio between the linear and nonlinear parts of Eq. (20). Plots of HLS with
Vi = 40 m s~ ' are missing in Figure 4 to simplify its reading. In the semilogarith-
mic coordinates in Figure 4, the canonical logarithmic spiral ¢ = —(tana) " - Iny
would be depicted as a straight line with the angle coefficient equal to the inverse
value of the tangent of the corresponding crossing angle. As follows from the plots
in Figure 4, the HLS is more similar to the logarithmic spiral (straight line) within
one turn (2n), and for 0.1<y <1 (—2.3<Iny <0) for any MWS, the greater is the
friction factor (compare lower and upper pairs of curves). For small friction factor,
the greater the MWS is, the shorter the linear part of the HLS (logarithmic) is
(compare two lower curves). As follows from Eq. (22), in contrast to the canonical
logarithmic spiral mentioned above where tana = const at any y, the tangent of the
crossing angle of the HLS linear part depends on the term y? V,,/ V. It is a reason
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——Vm=60_k=10*5 —»— Vm=40_k=10*-5 —— Vm=20_k=10*-5
Vm=60_k=10*-4 —=-Vm=40_k=10*-4 ——Vm=20_k=10%4

Figure 3.

Illustration of HLS configuration in polar coordinates versus variable maximal wind speed and friction factor;
ovdinate and abscissa axis are rel@tivepolar radius (y); Vyu(ms™*), k (s7), o = 500 km, n = 0.6, y,, = 0.1,
and f=1-107° s (latitude = 20 N).

Palar angle, rad

-25 -2 -1.5 -1 -0.5 0

Iny
| BYm=20; k=105 & Vm=80; k=10~5 B Vm=20 k=104 & V=80, k=104 |

Fi .

Illg;l;;t?on of HLS configuration in semilogarithmic coordinates versus variable maximal wind speed and
friction factor; V,,(ms™*), k (s7), v, = 500 km, n = 0.6, ¥,, = 0.1, and f = 1-10° s~ * (latitude = 20 N).
why the linear parts of pairs of curves in Figure 4 with the same friction factor
(k=10"sYork =10"*s 1) and the same Coriolis parameter (f) have notable
different tilts for different MWS. It is the explanation of the well-known experi-
mental fact, mentioned in the Introduction section, regarding the sensitivity of the
crossing angle on the intensity of a TC.

3. HLS approximation techniques

The task of using the analytical expression of the streamline (17) or (19) consid-
ered in the previous section is to use it to determine the MWS in a TC. The base for
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resolving this task is the expression (18) for the coefficient A that included the
MWS. From this expression, taking into account the relationship between the
friction coefficient and the coefficient B (14), one can get the desired formulae for
calculation the MWS using the HLS parameters:

+1 n+1

Thus, the MWS can be estimated by approximating the SCRB of the TC with the
HLS Eq. (19). Under this approximation, values of A and B are determined, assum-
ing the value of the hyperbolic index #, as well as the measured or estimated value
of the MWR. Coriolis velocity (V) is determined by known latitude of the center of
the TC and the radius of given initial point of the SCRB. To get the approximation
estimate of the HLS coefficients, the standard least squares method (LSM) and the
assimilation technique were considered and tested. Brief descriptions of these tech-
niques are provided below.

3.1 Estimation of coefficients of the HLS by the least squares method
3.1.1 Relationships for calculation

Taking the exponentially logarithmic form of the HLS (19) and denoting Iny = x
and T(x) = e~V — 1, it is possible to write

p=A -T(x)—B-x. (24)

Performing the routine LSM procedure, one gets the calculation relationships for
the HLS coefficients estimates which are provided below in the Gauss designation

(=229
A::%{@q'W'T@ﬂ_V'T@N'W'ﬂk (25)
B :%{[x )] o Te)] = [T*@)] - [ ]} (26)

where
D = [T*(x)] [x*] = e - T(x))” 27)

The error estimates of the coefficients are equal:

oa=0-1Qi, (28)

o =0-1/Qp, (29)

where

(30)

is the residual variance, where
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N N 5 2
= Z (¢i, exper. @i, upprox) Z (§0, exper. T(X,) +B- xi) (31)

i=1 i=1

and terms in (28) and (29) are Q4; = [T’ Qxn = [szgx)].

3.1.2 The condition of stationarity under the application of the LSM for approximation of
a SCRB with the HLS

As follows from Eq. (18), coefficient A of the HLS depends on the selection of
radius 7. On the other hand, based on the physical sense, the cyclone’s physical
parameters evaluated from coefficients A and B must not depend on selection of the
initial point (point of spiral reference). To satisfy this requirement, the selected
spiral signature should be fitted by the HLS with coefficient A that should be
proportional to the polar radius with power —(z + 1) (in accordance with Eq. (18))
and coefficient B that should be a constant (in accordance with (14)). This validates
the fitting of a given spiral signature by the HLS. Substantiation of these conditions,
which characterize the “HLS stationarity” and the control technique, is provided
below. The term “HLS stationarity” can be explained by providing the following
example. Suppose some spiral signature is introduced by a set of point coordinates.
This set of points is aimed to be approximated by the HLS using the LSM. Let us
select arbitrary the first starting point of approximation (SPA) at the peripheral part
of the spiral signature. Suppose its polar radius is 7 ;. The applied LSM procedure
evaluates parameters A; and B;. Next, the another SPA is taken with 7o, < 7 1. The
approximation procedure is repeated, and the second set of parameters A, and B, is
obtained. Taking consequently SPAs along the signature and applying the LSM
approximation procedure, the number of sets of A; and B; can be obtained. It should
be noted that the MWS V,,,, the RMW r,,,, friction factor k, exponent #, and the
Coriolis parameter f are the same for all approximation runs and different SPAs.
Because of that, the values of the HLS coefficients pertained to different sets of
evaluated data should satisfy the relationships:

n+1 _ y?n —
Ao =4Ayi = ko oo 1)VO’OVm Ay, (32)
B, :J; _B (33)

where A, and B are constants pertained to the given spiral element, ¢ ¢ is the
polar radius of remotest SPA where the spiral signature can be described by the
HLS, y,, = 7m/70,0, and Yo,i = 70,i/70,0. Relationships (32) and (33) together com-
bine the condition of the HLS stationarity. That is, if a spiral signature is really
described by the HLS, then the parameters A, ; and B; should be independent
(theoretically) on selection of the SPA. Let us assume that the stationarity condition
is satisfied within a polar radius range that corresponds to SPAs of indexes from i, to
i,. The definition of the stationary part above is related to the general case, where a
spiral signature is represented by N points with numbersi = 1, 2... 4, ... %, ... N. The
first SPA that is remotest from the center of the cyclone (i = 1) is selected arbi-
trarily, and a SPA with index i, has polar radius #¢ o. This ordered nest of point
coordinates, where the polar radii of the points are normalized by a distance from
the remotest SPA, combines the normalized profile (NP) of a spiral signature. A
logarithmic modification of NP, where relative radii are substituted by their natural

logarithms, i.e., ¢, =f (ln yi), is a logarithmic NP (LNP). The sequential
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approximation of a spiral signature is performed by the selection of consequent
SPAs toward the cyclone center by a given number of points. The deficiencies of
conditions (32) and (33) are primarily due to two reasons. The starting of a
nonstationary part of a spiral signature {i = 1... (4,-1)} is due to the incorrect tracing
of streamlines by clouds or the deviation of a streamline from the theoretical HLS
for some reason. Regarding the “floor bounding” of the stationary part under SPA
with 7 >4, + 1, it is possible to show that this feature is due to the change of wind
and friction regimes near the area of maximum winds. Beginning from this point,
the increase of wind speed becomes slower than that of power 7. It might be
assumed also that due to high wind speed, the friction factor becomes lower [21] or
its dependence on wind speed becomes not linear. At that, the approximation
estimates of the HLS coefficients were conducted under 7, divergent from their

stationary values, B (Mopt) — o0 and Ay (nopt) — 0. Therefore, the HLS coefficients

should be selected from the results of the approximation of a spiral signature within
a range where the stationary condition is satisfied. On the other hand, the distance
from the center, where such divergence occurs, can be taken as an additional
parameter of the cyclonic vortex (radius of divergence). Simulation experiments
validated the stationarity and “divergent” property of the HLS coefficients.

3.1.3 An example of HLS approximation with LSM

As an example of the application of the above approach to the approximation of
the SCRB by the HLS, we consider the estimate of the MWS from an image from the
geostationary satellite GMS-5 in the visible range of TC Mitag, at 01:31 UTC on
March 5, 2002 (Figure 5).

The corresponding logarithmic normalized profile of the annotated signature is
shown in Figure 6.

As can be seen from Figure 6, the “regularity” of the profile is broken in the
range Iny = (— 0.6)—(— 0.7). Apparently this is due to not quite correct annotation
of the final segment of the SCRB. It would have to be carried out along the steeper
contrast border observed in this area. Therefore, the main part of the profile in the
range Iny = 0—(— 0.7) was subjected to approximation, only. The main characteris-
tics of the signature were radius of the most distant starting point of the signature
7o = 447 km, 7y, = 130 km, and f = 3.3 10-5 s~ 1 (latitude 13.29°N). As the consecutive

[ D370 B90%F EARETTE
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Figure 5.

Image of TC Mitag (2002) in visible vange; left image—oviginal image; right snapshot—a contrasted image
with an annotated position of the center of the eye and annotated outer edge of the SCRB adjacent to the cyclone
core.
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Logarithmic normalized profile of SCRB annotated in Figuve 5 (right snapshot).
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Figure 7.
Graph of stationarity of HLS approximation at n = 1.1.
tests showed, the stationarity conditions were best performed for both HLS coeffi-
cients in this particular case with the hyperbolic index z = 1.1 (Figure 7).

The average values of the coefficients A, and B in the stationary segment were
A, = 0.41+ 0.04 and B = 0.85 + 0.22, which corresponds to V,, = 58.1 + 16.1 ms™ .
The meteorological assessment of the TC intensity for this point in time was 115 kts
(59.2 ms™ 1), which can be considered a satisfactory coincidence even taking into
account the difference in altitudes for which the meteorological assessment is made
(10 m) and the upper boundary of clouds for which the HLS estimate was calcu-
lated. According to experimental data, the MWS in a TC is observed at the level of
850-900 hPa: V,,,(850 hPa) [22]. The average speed at the level of cloud top
V(240 hPa) makes up about 70-80% of V,,,(850 hPa) [22, 23]. The surface wind
speed (at 10 m height) is smaller than V,,(850 hPa) by about 25-30% [24]. There-
fore, considering that the configuration of the spiral signature depends on wind
speed at the height of its existence, the HLS estimates can be compared (as a first
guess) with surface data of meteorological services.

3.2 Assimilation technique
3.2.1 Motivation
As follows from the previous section, for the HLS approximation of SCRB by the

LSM with the subsequent checking for stationarity, a lot of operations are needed to
be performed. This requires considerable time and, therefore, is unlikely to have a
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prospect for use in operational practice. In addition, annotation of the spiral struc-
ture on the image is, to a certain extent, a subjective process as was shown by the
example of Figure 6. Moreover, sometimes, as was shown in [11], the LSM approx-
imation leads to nonphysical values of HLS coefficients due to incorrect annotation
of the spiral structure. The main problem of the HLS approximation with the LSM is
that, by its nature, this technique is applicable mainly to so-called thin or clearly
depicted spiral structures, which have a small width or sharp contour in satellite or
radar images, and are suitable for its uniquely annotation. However, the same thin
spiraling bands very often turn out to be squall lines, which are not related to
streamlines. These circumstances stimulated the search for another technique that
would be applicable to typical SCRBs, having a noticeable width and fuzzy con-
tours. This technique, called the assimilative technique, is discussed below.

3.2.2 A principle of assimilative technique

When choosing a technique for determining the HLS coefficients (3) and (4), it
should be noted that a spiral rainband observable on a radar image has a finite width
and is a mapping of the resultant involvement of cloud-rain particles in the region
affected by the streamline. In this case, parameters of the HLS describing all possi-
ble streamlines within the rainband should be considered as “equally possible.” In
this technique, an approach based on the allocation of HLSs “fitting” into geometric
boundaries of a rainband and determining the “expected” (mean) and “modal”
HLSs was used. The fitting spirals were designated as “signatural” HLSs. The
signatural HLSs have coefficients A (3) and B (4) which are determined using
different combinations of V,,, k, and 7. This triplet of parameters is hereafter
referred to by the term “physical characteristics.” The mean and modal values of a
selected physical parameter over all signatural HLSs are taken as the corresponding
statistical estimates of this parameter. The above procedure is called “assimilative
HLS approximation.” For the first time, this technique was used for processing of
satellite infrared images of a TC in [13]. Further, it was improved in [14]. The
primary changes in enhanced technique are the limitation of a range of possible
maximum wind speeds resulted from the spiral band processing and finding the
modal value of V,,, distribution over all signatural HLSs in addition to the mean
value. The technique was called “assimilative” due to a priori assignment of the type
of the approximating function (HLS) and the range of variation of its basic param-
eters. The essentials of the technique are provided in [14].

4. Application of HLS assimilation technique for assessment of the
maximum wind speed from satellite and radar data

4.1 HLS assimilation approximation of spiral rainbands applied to satellite IR
images

4.1.1 Typhoon Phanfone (2002)

The first attempt to apply the HLS assimilation approximation to spiral
rainbands on satellite IR images was undertaken by exploring data from the GMS-5
geostationary satellite during the monitoring of typhoon Phanfone existing in the
Pacific Northwest in August 2002 [13]. The source of satellite data was the archive
of IR images from the Naval Research Laboratory (NRL, USA; http://www.nrlmry.
navy.mil/sat_products.html). Meteorological data were taken from the Navy/Air
Force Joint Typhoon Warning Center (JTWC-WP; Hawaii, USA) and Regional
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Specialized Meteorological Center (RSMC-JMA; Tokyo, Japan). IR spiral rainband
patterns pertain to the top of cyclone’s cloud system (280-230 hPa, altitude 10—

12 km). The rationale for comparison of the MWS resulted from the HLS processing
with the best track data is the same as mentioned above.

Twenty-one images were processed which corresponded to the period from 21:31
UTC on August 14, 2002, till 12:31 UTC on August 18, 2002. Their results were
subsequently united to six estimates. The length of the period covered by the
analysis was 84 h. The estimates of the MWS are used to identify the stages of
intensification and weakening of TC which are satisfactorily synchronized with the
respective data of the Navy/Air Force Joint Typhoon Warning Center (JTWC). The
correlation with data of the Regional Specialized Meteorological Center (RSMC-
JMA) is observed only for the stage of intensification. Data of JTWC did not corre-
late either with RSMC data at the stage of TC weakening. In terms of the absolute
value of the MWS, JTWC data exceed RSMC data for the moment of maximum TC
intensification. It should be noted that data of the mentioned meteorological ser-
vices differ from each other by 33% in terms of maximum TC intensity. The esti-
mates of the MWS based on the HLS approximation occupy intermediate position
between the above data. A detailed description of this study is given in [13].

4.1.2 Huvricane Rita (2005)

In the current paper, an example of application of the HLS enhanced assimila-
tion technique under processing IR images of a TC is provided exploring observa-
tion data of Hurricane Rita (AL182005) from geostationary satellite GOES-10 when
the hurricane was in Gulf of Mexico. An image acquired at 6:30 UTC 23 September
2005 has been processed (Figure 8).

The image contains two spiral rainbands. They are the outer impressive band
that starts from the northwest corner of the image and the inner one that starts from
the north. Both bands reach the core of the cyclone close to its south sector. The
radius of maximum wind has been assessed to be 70 km as a distance from the eye’s

Figure 8.

IR image of Hurricane Rita 09/23/2005 at 06:30 UTC (eye center location: 26.58° N; 90.53° W) from GOES-
10 geostationary satellite; source: Naval Research Laboratory (NRL, USA; http://www.nvlmry.navy.mil/sat_
products.html); file name, 20050923_0630_goes10_x_ir1km_18LRITA_120kts-924mb-265 N-907 W;
original geographic grid is applied at intervals of two degrees; color temperature scale (roughly), blue is “—40°
C,” green is “—60°C,” and red is “—70°C.”
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Figure 9.
Tllustration of HLS approximation (black spiral sector) of inner rainband (left picture) and the west sector of
outer rainband (vight picture) shown in Figure 8.

Rainband Maximum wind speed, kts

Modal MWS derived from HLS approximation Best track’

Inner band 117.7 £ 8.7 115

Western sector of outer band 1141+ 13.6
*Extmpoluted from [25].

Table 1.
Maximum wind speed derived from HLS approximation in comparison with the best track data of hurricane
Rita.

center to the middle of a convective eyewall. Illustrations of the HLS approximation
of both rainbands are provided in Figure 9. Resulted maximum wind speeds in
comparison with the best track data [25] are presented in Table 1.

Following the HLS technique feature that presumes to use for approximation a
signature closest to the TC core (where a streamline impact on cloud organization is
most pronounced), the western sector of the outer rainband was approximated
only. As follows from Table 1, the approximation of both rainbands results in the
modal maximum wind speeds close to the best track speed with the acceptable
accuracies (less than 12%). It should be noted that among other things, this illus-
trative example also shows the possibility of increasing the reliability of the HLS
approximation by combining multiband estimates. In particular, the combined
weighted estimate of MWS based on the data provided in Table 1 is 116.6 + 7.4 kts.

4.2 HLS assimilation approximation of spiral rainbands applied to airborne and
coastal radar images

4.2.1 Comparison of operational and HLS estimates of the intensity of TC Irma
(AL112017) based on the airborne and the best track data

Maximum wind speeds in Hurricane Irma (AL112017) were estimated in [14]
using its rainband radar signatures acquired by the NOAA Hurricane Research
Division during routine aircraft missions into the hurricane. Most appropriate radar
and other accompanied data were taken from the NOAA Hurricane Research Divi-
sion (HRD) archive acquired for Hurricane Irma (AL112017) that existed in the
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Atlantic basin from August 30 to September 12, 2017, and reached category 5
intensity. The radar data from airborne radars were taken from the HRD’s Atlantic
Oceanographic and Meteorological Laboratory (AOML) website (http://www.aoml.
noaa.gov/hrd/data_sub/radar.html). The best track and aircraft data were taken
from the National Hurricane Center’s Tropical Cyclone Report [26]. The data per-
tain to one of eight aircraft missions to the cyclone. This mission was conducted
from morning to afternoon September 5, 2017. The numerical outcomes of the HLS
approximation are listed in Table 2.

The data of the first two time points were acquired at altitude from 5 km to
6 km, the six others from 2 km to 3 km. At the higher altitude, the MWS was
approximately from 80 kts to 100 kts; at the lower level, the mean modal wind
speed was about 161 & 5 kts. This estimate is for a middle time point at approxi-
mately 10:45 UTC September 5 and manifests the maximum TC intensity that was
estimated by the HLS approximation of all period of the HLS application from 21:16
UTC September 3 till 23:51 UTC September 8. As follows from [26], the wind speed
of 164 kts measured directly by the aircraft at the flight level occurred approxi-
mately 10 h later. The best track MWS, which is for 10 m altitude, was about 150
kts. As per the best track data, the maximum intensity was 154 kts from noon
September 5 to approximately 18:00 UTC September 6. The HLS estimates for this
period are provided in [14] and amounted to 158-146 kts. These results indicate the
satisfactory agreement of the HLS approach with in situ data (compare 161 kts and
164 kts). Lower speeds evaluated at high levels (two first time points in Table 2)
follow the contemporary understanding of the vertical tangential wind profile in a
TC (e.g., [24]) that presumes the decreasing of the wind speed up from the level of
the maximum wind at altitude approximately 1-1.3 km (850-900 mb). The average
error of the HLS approximation for the entire observation time (~ 130 h) of the
comparative analysis with the best track data given in [14] was no more than 5%.

4.2.2 The maximum wind speed in TC Irma (2017) by the HLS approximation of the
rainband signatures from the coastal San Juan radar in comparison with best track
data

During the passage of the TC Irma near the island of Puerto Rico, the cyclone
was in the survey zone of the weather radar WSR-88D installed in the city of San
Juan. The base for processing was the reflectivity image at 21:15 UTC 6 September

Time point  Altitude, = UTC Observation time, Vi mdl Error R,
no. m hours Vin_md km
ms ' kts ms? kts
22 6089 8:41:44 56.68 53 103.0 2.0 3.9 30
23 5244 8:47:58 56.78 40 77.8 3.0 58 26
24 2999 9:27:39 57.45 755 1468 25 49 34
25a 2999 9:43:20 57.72 76 1477 4 738 33
25b 3000 9:48:04 57.80 89 173.0 1 1.9 30
26 2510 10:31:26 58.52 79 153.6 3 5.8 34
27 2369 11:01:38 59.02 89 173.0 7 13.6 30
28 2531 12:01:32 60.02 88 1714 4 7.8 31
Table 2.

Results of the HLS approximation of vadar spiral signatures of TC Irma acquired during airborne sounding on
September 5, 2017 (collection index 20170905H1).
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Figure 10.
Left image—rveflectivity image of TC Irma from San Juan WSR-88D (2115 UTC September 6, 2017 [26]);
right image—illustration of HLS approximation of the NW rainband.

2017 that is shown in Figure 10 (left image) when the TC center was located at 18.9°
N/65.4° W [25]. The image refers to the beginning of the cyclone weakening stage
and has the double eyewall structure that indicates a double wind maximum. Under
the HLS approximation, the RMW was selected within the outer eyewall, as follows
from findings in [27, 28], and estimated to be about 62 km.

The modal and mean maximum wind speeds estimated from the HLS approxi-
mation of the northwest rainband (Figure 10, right image) were 74 m s ' (143.9
kts) and 75.4 m s~ (146.6 kts), respectively. Accordingly, these speeds are approx-
imately by 6 kts and 3 kts lower than the best track speed 150 kts at this time.

5. Summary

A new approach to use the characteristics of spiral cloud-rain bands of a tropical
cyclone, observed by ground-based and aircraft radars, as well as satellites in visible
and infrared wavelengths, is considered. The physical substantiation of the pro-
posed approach is (1) the assumption about the orientation of the SCRBs mainly
along the streamlines and (2) the analytically derived streamline equation in the
form of the hyperbolic-logarithmic spiral. It is shown that the logarithmic spiral
usually used to describe the configuration of SCRB is only a special case of the HLS.
Unlike the empirically applying logarithmic spiral, the HLS coefficients depend on
the MWS and the friction factor. The analysis of changes in the configuration of the
HLS depending on the intensity of a TC is conducted. An explanation for experi-
mentally observed phenomenon of the “rounding” of the SCRB (i.e., a decrease in
the crossing angle) with increasing intensity of the TC as a whole, as well as with
approaching to the radius of maximum wind, is proposed. The similarity of the
SCRB configuration to the logarithmic spiral in some cases is interpreted also. The
technique for approximation of a SCRB in the form of the HLS based on the least
squares method and on the assimilation procedure was developed for obtaining
MWS estimates at the height of the SCRB location. Testing of the proposed
approach was performed based on literature data from ground-based coastal and
aircraft radars, data of regular aircraft reconnaissance missions in the TC, and
satellite data available via the Internet. A certain disadvantage of the method is its
applicability, as a rule, for mature tropical cyclones, where its cloudy field manifests
well-defined SCRBs and a clearly defined circulation center (eye center). On the
other hand, the physically based configuration of a SCRB as the hyperbolic-
logarithmic spiral allows one to develop the method for estimating the position of
the circulation center with the eye covered with clouds, examples of which are
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given in [11, 13]. The results obtained suggest that the development and improve-
ment of the proposed approach will make it possible to use the radar and satellite
information more fully to assess the physical characteristics of a TC. The HLS
approach to retrieve the TC’s intensity is particularly benefited for ground-based
coastal radar probing of a TC before its landfall and the absence of aircraft recon-
naissance missions.
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NASA Global Satellite and Model
Data Products and Services for
Tropical Cyclone Research
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Abstract

The lack of observations over vast tropical oceans is a major challenge for
tropical cyclone research. Satellite observations and model reanalysis data play
an important role in filling these gaps. Established in the mid-1980s, the Goddard
Earth Sciences Data and Information Services Center (GES DISC), as one of the
12 NASA data centers, archives and distributes data from several Earth science
disciplines such as precipitation, atmospheric dynamics, atmospheric composi-
tion, and hydrology, including well-known NASA satellite missions (e.g., TRMM,
GPM) and model assimilation projects (MERRA-2). Acquiring datasets suitable for
tropical cyclone research in a large data archive is a challenge for many, especially
for those who are not familiar with satellite or model data. Over the years, the GES
DISC has developed user-friendly data services. For example, Giovanni is an online
visualization and analysis tool, allowing users to visualize and analyze over 2000
satellite- and model-based variables with a Web browser, without downloading data
and software. In this chapter, we will describe data and services at the GES DISC
with emphasis on tropical cyclone research. We will also present two case studies
and discuss future plans.

Keywords: satellites, models, data, data services, NASA

1. Introduction

Tropical cyclones form over vast tropical oceans where in situ observations are
sparse and discontinuous. The lack of observational data over these areas histori-
cally has been a major obstacle for tropical cyclone research and other weather
and climate-related studies. Understanding the complex atmospheric and oceanic
processes, and their interactions at multiple scales (e.g., convective, synoptic) over
the life cycle of tropical cyclones, requires multiscale, multi-platform observational
networks. It has been a great challenge to design, deploy, and maintain such net-
works without interruption, particularly in the harsh environments imposed by
these extreme phenomena. Since the satellite era began, data collected from satel-
lites, along with model reanalysis data, have played an important role in providing
continuous global observations, filling in data gaps, and enabling research on
weather and climate on different scales.

The concept of using satellites to observe Earth’s weather and climate was
developed as early as 1946 [1]. NASA launched the first successful, weather satellite,
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TIROS-1 (Television InfraRed Observational Satellite) on April 1, 1960 [1, 2]. In
1964, the Nimbus project was initiated and a total of 7 experimental meteorological
satellites were launched over a 14-year time period (1964-1978) [1, 2]. Since then,
weather and climate research have come to rely heavily on long-term, consistent
satellite observations from multiple operational space-borne platforms to continu-
ously observe the Earth’s atmospheric and surface conditions.
The Earth-observing satellite era began in earnest after NASA transferred the
technology to the National Oceanic and Atmospheric Administration (NOAA)
in the 1970s. This was followed by several operational weather satellites series,
including the Polar-orbiting Operational Environmental Satellites (POES) and the
Geostationary Operational Environmental Satellites (GOES), to provide continu-
ous global weather observations. Meanwhile, the Defense Meteorological Satellite
Program (DMSP), also launched in the 1970s, provided additional observations of
global weather events. These series evolved into the constellation of weather satel-
lites operating today, using research and operational satellites from domestic and
international organizations to provide the frequent, global observations necessary
for improved understanding and forecasting of Earth’s complex weather systems.
Atmospheric 3-D winds, air and sea surface temperatures, pressure, precipita-
tion, water vapor, aerosols, etc. are among the fundamental variables for tropical
cyclone research and applications. As aforementioned, few in situ observations
are available over vast and remote tropical oceans. Direct measurements of these
variables are difficult both from surface and space. Over the years, satellite-based
algorithms have been developed and improved to derive these essential variables
from few key measurements such as radiances observed onboard satellites, and
their datasets are archived and distributed to support tropical cyclone research.
Established in the mid-1980s (Table 1), the Goddard Earth Sciences Data and
Information Services Center (GES DISC), as one of the 12 NASA Distributed Active
Archive Centers (DAACs), archives and distributes satellite and model data for a
range of Earth science disciplines [3], such as precipitation, atmospheric dynamics,
atmospheric composition, and hydrology, derived from well-known NASA Earth’s
satellite missions (e.g., the Tropical Rainfall Measuring Mission (TRMM), the
Global Precipitation Measurement (GPM)) as well as model assimilation projects
(MERRA-2, NLDAS). These data have been widely used in tropical cyclone research.
To facilitate data access, the GES DISC has developed user-friendly data ser-
vices for researchers around the world (Figure 1). For example, the Geospatial

Mid-1980s—one of two original DAACs (with NASA’s Langley Research Center)—“Goddard DAAC”

1990s Version 0 era

AVHRR (Advanced Very High-Resolution Radiometer) pathfinder
TOVS (TIROS Operational Vertical Sounder) pathfinder
SeaWIFS (Sea-viewing Wide Field-of-view Sensor)

UARS (Upper Atmosphere Research Satellite)
1997—TRMM (first EOS launch)

2000/2002—Terra/Aqua MODIS (Moderate-Resolution Imaging Spectroradiometer)
2005/2006—EOSDIS evolution—split Goddard DAAC:

GES DISC—atmosphere/hydrology/climate focus

Level-1and Atmospheres Archive Distribution System (LAADS)—MODIS instrument focus

Ocean Biology DAAC—ocean biology focus

Table 1.
A brief history of the GES DISC.
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Interactive Online Visualization ANd aNalysis Infrastructure (Giovanni) [4-7] is
a powerful online visualization and analysis tool, allowing users to visualize and
analyze over 2000 satellite- and model-based variables with a Web browser, with-
out downloading data or software. Locating datasets suitable for tropical cyclone
research in a large data archive is a challenge for many users, especially those who
are not familiar with satellite data. For example, a search for “precipitation” in the
GES DISC Web site [3] can return over 400 results. To facilitate data access, the GES
DISC has recently developed a “data list” (also known as “variable set”) concept that
groups relevant variables from different datasets together to serve specific research
needs. A prototype data list targeting hurricane study has been implemented.

The chapter is organized as follows: first, we give a brief overview of NASA
satellite and model data at GES DISC, followed by introducing datasets for tropical
cyclone studies, data services, case studies, and summary with future directions.
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Figure 1.
The GES DISC Web site. This all-in-one design allows search for dataset and information at GES DISC. Users
can access the latest news, projects, missions, tools, resources, and more in this Web site.
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2. Overview of NASA satellite mission and model data collections
at GES DISC

The GES DISC archives and distributes data from a range of satellite observa-
tions, models, ground measurements, and field campaigns in multiple Earth science
disciplines including global precipitation, atmospheric dynamics, hydrology, and
atmospheric composition with a total volume of 2.3+ Petabytes consisting of 100+
million data files covering 3000+ public and restricted collections. Over 1200 data
collections are being curated at GES DISC. Table 2 lists their satellite missions

Atmospheric composition missions:
Nimbus 1-7° BUV, SBUV, TOMS
Shuttle SBUV'

* UARS'

Aqua AIRS

Aura HIRDLS', OMI, MLS

* ACOS’

SNPP Sounder, OMPS

JPSS-1 Sounder, OMPS

¢ 0CO-2

Copernicus Sentinel 5P

TOVS Pathfinder’

Water cycle/precipitation missions:
* TRMM'
* GPM
¢« SMERGE
Climate variability/solar missions:
* SORCE
*« TCTE
» TSIS
* CAR
Future assigned missions:
* OCO-3
* TROPICS
 Copernicus Sentinel 6
* GeoCarb
Model projects:
* MERRA/MERRA-2
* NLDAS, GLDAS, FLDAS, NCA-LDAS
Other projects:
* MEaSUREs: Making Earth System Data Records for Use in Research Environments
* CMS

*End—of—mis:ion/pmject.

Table 2.
Past, curvent, and future NASA satellite missions that are associated with their data products curated at GES
DISC.
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Data services and support at GES DISC

Metadata support, documentation, metrics:
* Assignment of DOIs
* Includes recommended dataset citation, hosting of dataset landing pages, documentation
* Generation of metadata records, publication to the EOSDIS Common Metadata Repository (CMR)
* Publication of data distribution metrics to the EOSDIS Metrics System (EMS)
Web-based discovery and access to products (value-added services on data):
* Giovanni
* Subsetting, reformatting and regridding
* Access protocols (e.g., OPeNDAP)
User services—provide tieved support in data access and use:
¢ GES DISC User Services (first tier)
* GES DISC science data specialist (second tier)
* Collaboration with science team subject matter experts (third tier)
Community Engagement:
» Workshops and webinars on the use of data and relevant services
* Conference participation, publications, news releases
 Engagement with Applications Community

* Applied Remote Sensing Training Group (ARSET), Disasters Working Group, Heath and Air Quality
Applied Sciences Team (HAQAST), Land and Atmospheres near-real-time Capabilities for EOS
(LANCE).

Table 3.
A list of data services and support at GES DISC.

including the past, current, and future satellite missions. Table 3 lists basic data ser-
vices and user support. More details about data services are described in Section 4.

The GES DISC is a certified trusted repository of Earth science data.
Increasingly, funding organizations and publishers require data to be published to
certified data repositories adhering to FAIR principles—(Findability, Accessibility,
Interoperability, and Reusability). The GES DISC is a regular member of the
International Council for Science (ICSU) World Data System (WDS). Established
to archive and distribute data from the 1957-1958 International Geophysical Year,
WDS spans a range of scientific disciplines data at 52 centers in 12 countries who
adhere to the established principles. The GES DISC is also registered as a scientific
data repository through re3data.org and meets the repository criteria including
DOI assignments, dataset landing pages, dataset documentation, redundant archive
(backups), data integrity checks, and user services. This registry is used by high-
impact journals such as Nature Scientific Data [8].

3. Datasets for tropical cyclone research

There are many research areas associated with tropical cyclones such as cyclone
genesis, intensification, track forecasting, rainfall amounts, etc. While GES DISC
archives many variables required to conduct such research, other variables may be
located at other NASA DAACs (such as sea surface state and temperature). It can
be challenging enough to find relevant variables for a specific research area from
a large collection of satellite observations from a single data archive—locating
relevant datasets from multiple data centers is even more challenging. Due to the
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page limit, in this section, we can only present a brief overview of several key data
collections at GES DISC for tropical cyclone research.

3.1 Brightness temperature collection

Brightness temperature, derived from radiance measured from satellite instru-
ments, is a fundamental physical variable in satellite meteorology. Infrared satellite
images have been available since the Nimbus era to support weather analysis and
forecast. For example, infrared images are used in tropical cyclone monitoring and
forecast operations at the NOAA National Hurricane Center and the U.S. Navy Joint
Typhoon Warning Center. Animations made from infrared images are frequently
used in daily local TV weather news, online weather news, and scientific presenta-
tions. The GES DISC archives brightness temperatures from infrared instruments
from the Nimbus era up to more recent and current passive microwave satellite
instruments from domestic and international research and operational satellites.

Datasets from the Nimbus data rescue project [9] consists of digitized black-and-
white film images (Figure 2) and radiance data obtained by the Nimbus satellites dur-
ing the 1960s, 70s, and 80s [10]. Related instruments onboard the Nimbus satellites

© oozwoE |
i

t DATA ORBIT 104 #

Figure 2.
A sample of HRIR/Nimbus-1 images of nighttime brightness temperature on 70 mm film.
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over this time period are listed in Table 4. Negatives of photo facsimile 70-mm file
strips were scanned and saved as JPEG 2000 digital files. There are 20 datasets from
the Nimbus satellites (1-7) beginning on Aug. 28, 1964 and ending on May 9, 1985.

Tropical cyclone research requires frequent and continuous observations of the
Earth’s atmosphere to analyze and understand event development and processes.
Operational geostationary satellites make such observations from cloud tops pos-
sible, although it is still challenging to continuously observe changes inside a weather
system. The first geostationary satellite in operation is GOES 1, which was launched
on October 16, 1975 [1]. As more operational geostationary satellites were added by
different international agencies, infrared data from these satellites can be stitched
and provide a near-global (60° N-S) coverage of the Earth’s atmosphere [11, 12].

With support from the NASA Global Precipitation Climatology Project (GPCP)
and by the Tropical Rainfall Measuring Mission (TRMM), the NOAA National
Weather Service (NWS) Climate Prediction Center (CPC) has developed a globally
merged (60° N-S) pixel-resolution IR brightness temperature dataset (equivalent
blackbody temperatures), merged from all available domestic and international
geostationary satellites [11, 12]. This half-hourly and 4 km x 4 km resolution dataset
is also called the merged IR and is available at the GES DISC from 2000 onward
[12]. Figure 3 is a sample of the dataset, showing two tropical cyclones (Cilida and
Kenanga) on December 20, 2018. In addition to tropical cyclone and other research,
the merged IR dataset has been an important input for a number of algorithms that
derive near-global IR-based precipitation estimates in several well-known satellite-
based global precipitation products [13, 14] such as the Integrated Multi-satEllite
Retrievals for GPM or IMERG [13].

Currently in operation, the GPM Microwave Imager (GMI) [15] is used as the
reference standard to generate Level-1C common calibrated brightness temperature
products from the GPM constellation consisting of both domestic and international
satellites, based on the algorithms developed by the GPM intercalibration (X-CAL)
working group [16]. These Level-1C products are transformed from their equivalent
Level-1B radiance data. There are many applications of these passive microwave
brightness products. For example, the GPM profiling algorithm (GPROF) uses
these Level-1C products to generate hydrometeor profiles and surface precipitation
estimates (Figure 4) used as input data in IMERG.

3.2 TRMM and GPM precipitation dataset collection

Launched in November 1997, the TRMM satellite (40° N-S), a joint mission
between NASA and JAXA (the Japan Aerospace Exploration Agency), carried

* The High-Resolution Infrared Radiometer (HRIR) (Numbus-1, 2, 3)

The Medium-Resolution Infrared Radiometer (MRIR) (Nimbus-3)

The Satellite Infrared Spectrometer (SIRS) (Nimbus-3)
* The Nimbus-4 Selective Chopper Radiometer (SCR) (Nimbus-4, 5)

The Infrared Interferometer Spectrometer (IRIS) (Nimbus-4)

The Temperature-Humidity Infrared Radiometer (THIR) (Nimbus-4, 5, 6, 7)

The Satellite Infrared Spectrometer (SIRS) (Nimbus-4)

The Electrically Scanning Microwave Radiometer (ESMR) (Nimbus-5)

The High-Resolution Infrared Radiometer (HIRS) (Nimbus-6)

Table 4.
Instruments onboard the Nimbus satellites.
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GPM_MERGIR.1:merg_2018122015_4km-pixel.nc4

brightness temperature

brightness temperature (K)

165.0 197.6 230.2 262.8 295.4 328.0

Data Min = 165.0, Max = 328.0

Figure 3.
Two tropical cyclones (Cilida on the left and Kenanga on the right) are seen from the NCEP/CPC mevged IR
dataset on December 20, 2018. The map was genevated with the NASA GISS Panoply.

2A-CLIM.GPM.GMI.GPROF2017v1.20181220-5134004-E151237.027332.VO5A.5UB.HDF5
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Figure 4.
GPM GMI surface precipitation from tropical cyclone Kenanga over the Indian Ocean on December 20, 2018.
The data weve generated by the GES DISC Level-2 subsetter and the map created with NASA GISS Panoply.

several precipitation-related instruments, including the first spaced-borne Ku-band
precipitation radar (PR), a passive TRMM microwave imager (TMI), a visible and
infrared scanner (VIRS), and a lightning imaging sensor (LIS) [17]. TRMM ended
in April 2015. Over a 17-year period, TRMM provided observations that are used

to produce groundbreaking 3-D images of rain and storms over vast and remote
tropical oceans and continents. TRMM provides opportunities for researchers to
understand characteristics of atmospheric systems through instantaneous measure-
ments in different wavelengths from the onboard instruments.

TRMM data available at GES DISC [18] are listed in Table 5. They can be
categorized in different processing levels, ranging from Level 1 to 3 [19]. Level-1
TRMM datasets consist of reconstructed and unprocessed instrument data
at full-resolution data at Level-1, 1A, 1B, and 1C [19] from the three TRMM
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instruments. Level-2 TRMM datasets are derived geophysical variables at the
same resolution and location as Level-1 source data such as the GPROF hydro-
meteor profiles and surface precipitation estimates. Level-3 TRMM datasets are
Level-2 variables that are mapped on uniform space-time grid scales, ranging
from 3 hourly to monthly. For example, the TRMM Multi-satellite Precipitation
Analysis (TMPA) datasets [20-22] are Level-3 products, including both near-
real-time and research grade products. The TMPA datasets have been widely used
in research and applications around the world, especially in gauge sparse regions.
TRMM products processed with GPM algorithms are also available [3]. Their data
format and naming convections are consistent with those of GPM [3]. TRMM LIS
data are archived at the Global Hydrology Resource Center (GHRC) [23]. Studies
to investigate the relationship between lightning and precipitation have been
reported (e.g., [24]).

Built on the success of TRMM, GPM [15] is another joint mission between
NASA and JAXA to continue key measurements after the TRMM era. The
main concept of GPM is to form an international constellation of research and
operational satellites and use GPM as a core satellite that carries advanced radar
and passive microwave radiometer instruments to measure precipitation from
space as well as serve as a reference standard to unify precipitation measure-
ments from other domestic and international satellites in the constellation [15].

Processing Dataset Name Resolution
Level
Level-1  1B01: Visible and infrared radiance 5 x5 km—16 orbits per day

1B11: Passive microwave brightness temperature

1B21: Precipitation radar power

1C21: Precipitation radar reflectivity

Level-2 * 2A12: TMI hydrometeor profile 5x5 km—16 orbits per day
¢ 2A21: Precipitation radar surface cross section
¢ 2A23: Precipitation radar rain characteristics
* 2A25: Precipitation radar rainfall rate and profile
* 2B31: Combined rainfall profile (PR, TMI)

Level-3 * 3A11: Oceanic rainfall * 3A11: 5°, monthly
* 3A12: Mean 2A12, profile and surface rainfall * 3A12: 0.5°, monthly
* 3A25: Spaceborne radar rainfall * 3A25:0.5° 5°, monthly
* 3A26: Surface rain total * 3A26: 5°, monthly
* 3A46: SSM/I rain * 3A46: 1°, monthly
¢ 3B31: Combined rainfall * 3B31:5°, monthly
¢ 3B42RT: 3-hour real-time TRMM Multi-satellite * 3B42RT: 0.25°, 3 hourly

Precipitation Analysis (TMPA) « 3B42RT daily: 0.25°, daily
* 3B42RT daily: 3B42RT derived daily product + 3B42:0.25°, 3 hourly
¢ 3B42: Research version of TMPA + 3B42 daily: 0.25°, daily
* 3B42 daily: 3B42 derived daily product + 3B43:0.25°, monthly
* 3B43: Multi-satellite precipitation
Table 5.

A list of TRMM datasets at GES DISC. TRMM products processed with GPM algorithms ave also available
[3]. Their data format and naming convections ave consistent with those of GPM. More information is
available in each dataset landing page.
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In addition to the passive GPM microwave imager or GMI, a dual-frequency
precipitation radar (DPR) has been added in GPM (Figure 5a). A new frequency
(Ka-band) in the DPR is capable to detect light rain from space, which is one of
challenges in satellite precipitation retrieval algorithms. The GMI carries four
additional high frequency channels for measuring falling snow, compared to the
TMI. The GMI’s spatial resolution is improved significantly with a 1.2 m diam-
eter antenna [15].

a) 2A.GPM.DPR.V8-20180723.20160912-5013748-E031020.014429.VO6A.SUB.HDF5
precipRateMNearSurface

recipRateNearSurface (mm/hr)
4%?
0.0 16.0 320 480 ) 80.0

Diata Wi = 0.0, Max = 299.5

b). L Get GPM DPR Precipitation Profile L2A 1.5 hours 5 km V08 data ®

Estimated size of results
2,005 days, 31,679 links, 7.48 TB.

Refine Search &
» Refine Date Range: 2014-03-08 to 2018-09-02 | Besat|

~ Spatial Subset: » 18.031, 20.742 Aoset

Detfautt Range

Avallable Range: -180, -70, 180, 70 Cursor Coordinates: 8,187, -85.273

» Variables: Get all variables Fsset
+ Dimensions: Get all dimensions Posst

Figure 5.

( a§: Near surface precipitation from the GPM DPR matched scans (MS), showing super typhoon Meranti on
September 12, 2016 before impacting the Philippines, Taiwan, and Fujian Province. The data were generated
with the Level-2 subsetter and the map with NASA GISS Panoply. (b): Three spatial subsetting options (box,
circle, and point) in the Level-2 subsetter.
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Processing Dataset Name Resolution
Level
Level-1 * 1A-GMI: GMI packet data transmitted by ¢ 1A-GMI: 8 km x 15 km (varies based

the satellite on scan position), 16 orbits per day

1B-GMI: GMI brightness temperatures

1C-GMI: Calibrated GMI brightness
temperatures

1B-GMI: Varies by Channel—16 orbits
per day

1C-GMI: Varies by Channel—16 orbits
per day

1C-R: Common calibrated brightness
temperatures collocated

1C-R: Varies by Channel—16 orbits
per day

1C-constellation: Calibrated brightness
temperatures for each passive-microwave
instrument in the GPM constellation

1C-constellation: Varies by satellite

Level-2 * 2A-GPROF-GMI: GMI single-orbit rainfall 2A-GPROF-GMI: 8 km x 15 km (varies
estimates based on scan position), 16 orbits

2A-GPROF-constellation: Single-orbit rain- per day
fall estimates from each passive-microwave 2A-GPROF-constellation: Varies by
instrument in the GPM constellation satellite

2A-DPR: DPR Ka&Ku single orbit rainfall 2A-DPR: 5.2 km x 125 m—16 orbits
estimates per day

2A-Ka: DPR Ka-only single orbit rainfall 2A-Ka: 5.2 km x 125 m—16 orbits per
estimates day

2A-Ku: DPR Ku-only single orbit rainfall 2A-Ku: 5.2 km x 125 m—16 orbits per
estimates day

2B-CMB: Combined GMI + DPR single orbit
rainfall estimates

2B-CMB: 5 km—16 orbits per day

Level-3 * 3-GPROF: GMI rainfall averages * 3-GPROF: 0.25°, daily and monthly
¢ 3-GPROF Constellation: Gridded rainfall * 3-GPROF Constellation: 0.25°, daily
estimates from each microwave imager in and monthly
the GPM constellation

3-DPR: 0.25°, daily and monthly
3-CMB: 0.25° and 5°, daily and

3-DPR: DPR rainfall averages

* 3-CMB: Combined GMI + DPR rainfall monthly
averages « IMERG: 0.1°, 30 minute, daily, and
* IMERG: Rainfall estimates combining data monthly

from all passive-microwave instruments in
the GPM Constellation (Early, Late, and
Final)

Table 6.
A list of GPM datasets at GES DISC. More information is available in each dataset landing page.

GPM data products at GES DISC [25] are categorized also in three processing
levels (Table 6). Like the TRMM era, a new multi-satellite, multi-retrieval prod-
uct suite (IMERG) has been developed, with significant improvements in both
spatial (0.1x 0.1 deg.) and temporal (half hourly) resolutions over TMPA. There
are three dataset categories in IMERG, Early, Late, and Final. The IMERG-Early
provides near-real-time (latency: ~4 hours) global precipitation estimates, which
are suitable for various research and applications such as flood watching. As more
data are available, IMERG-Late (latency: ~12 hours) provides better estimates
on precipitation than the Early. The IMERG-Final (latency: ~3.5 months) is a
research-grade dataset that is bias corrected with ground gauge data from the
Global Precipitation Climatology Centre (GPCC). Figure 6 is an example of
IMERG-Final, showing the accumulated rainfall of Hurricane Harvey during
August 24-31, 2017.
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cipitation (combined microwave-IR) estimate - Final
over 2017-08-24 - 2017-08-31, Region 101.9531W, 22.5N, 85.6055W, 37.2656N

7845

706

627.6

549.1

470.7

392.2

313.8

235.3

156.9

78.45

Figure 6.
Accumulated vainfall during August 2431, 2017 from Hurricane Harvey. The map was generated with the
GPM IMERG—Final daily dataset and Giovanni.

3.3 MERRA-2 dataset collection

Datasets from the Modern-Era Retrospective analysis for Research and
Applications, Version 2 (MERRA-2) are developed by the NASA Global Modeling
and Assimilation Office (GMAO) to place NASA’s Earth Observing System (EOS)
satellite observations in a climate context and to improve the representation of the
atmospheric branch in the hydrological cycle from previous reanalysis or MERRA
[26]. MERRA-2, available from 1980 onward, also includes the first long-term
global aerosol reanalysis through assimilating satellite-based observations and
representing their interactions with other physical processes in the Earth’s climate
system [26]. There are 95 product groups, and the file format is in NetCDF-4. Key
meteorological variables in MERRA-2 for tropical cyclone studies such as wind,
air temperature, and geopotential height are available at GES DISC. The spatial
resolution is about 0.5 deg. x 0.625 deg. in the latitudinal and longitudinal direc-
tions, respectively, with 42 pressure levels and 72 model levels. MERRA-2 temporal
resolutions range from hourly, 3 hourly, daily to monthly. Initial evaluation of
MERRA-2 has been done and is available on the GMAO Web site [27].

4. Tools and data services at GES DISC
4.1Tools

In research, data evaluation is often the first step to examine and understand a
new physical dataset. Due to the complexity of satellite-based datasets, it is not an
easy task to conduct such a task, especially for those without some prior knowledge

about the dataset. Over the years, many tools have been developed by different
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organizations to facilitate such tasks. In this chapter, we describe two popular tools,
GES DISC Giovanni and NASA GISS Panoply.

4.1.1 GES DISC Giovanni

Giovanni [4-7, 28] provides a simple and easy way to analyze and visualize more
than 2000 satellite- and model-based physical parameters archived at GES DISC
without downloading data and software. Variables of many well-known satellite
missions and projects mentioned earlier such as TRMM, GPM, MERRA2, etc. are
included in Giovanni.

Giovanni was first developed at the beginning of the TRMM era when TRMM
TMPA datasets were available to the public [6]. Precipitation is a very popular vari-
able and is used in many disciplines such as hydrology and agriculture. At that time,
standard archived TMPA files were written in HDF4, a format that was not well
known outside the remote sensing community. As a result, many TRMM users had
difficulties to handle such format, which was a major barrier for TMPA data access
and utilization. Recognizing this problem, scientists and software engineers at GES
DISC worked closely with the TMPA product provider and developed a Web-based
tool, the TRMM Online Visualization and Analysis System (TOVAS) [6]. With a
Web browser, one can obtain average and accumulated rainfall maps as well as time
series plots and Hovmoéller diagrams in their areas of interest. Users can download
results in several commonly used formats such as ASCII, which can be directly
imported into Microsoft Excel for further processing. Later, several MODIS atmo-
spheric products (e.g., aerosols, atmospheric water vapor) were added to TOVAS.

To meet an increasing demand for adding more analytical functions and vari-
ables, GES DISC developed Giovanni, allowing functions and variables to be added
through a Web-based interface [4, 5]. In current version of Giovanni [7], more
advanced information technologies have been implemented in the development,
such as having all variables accessible in one Web interface, facet searching, sorting,
provenance, etc. As of this writing, over 2000 variables from different Earth science
disciplines are available and searchable in Giovanni, including datasets curated
through other DAACs. More than 1300 referral research papers have been published
by users around the world, with help from Giovanni. In short, Giovanni provides an
easy way to evaluate and explore Earth science data at GES DISC.

With over 2000 variables in Giovanni, it is necessary to provide flexible search
capabilities. Frist, users can type in key words such as IMERG and see variables only
related to the key words. Often results from a search can contain many variables. For
example, a search for precipitation returns 143 variables. To locate those of interest,
one can sort the results based on source, spatial and temporal resolutions, begin or
end dates. Facets have been developed to help narrow down search results, includ-
ing disciplines, measurements, platform/instrument, spatial resolutions, temporal
resolutions, wavelengths, etc.

Giovanni provides an interface for selecting date range. Users can either pick a
date from the Web interface or type in their own date information. Likewise, users
can draw their region of interest or type in the longitude and latitude coordinates
in the interface, or they can select predefined shape files from a list including
countries, land/sea masks, U.S. states, and major hydrological or watershed basins
around the world.

There are 22 built-in analytical functions that are grouped into 5 categories
based on their analysis types such as maps, time series, and comparisons. Once all
the selections are done in the Web interface, a click on the “Plot Data” button will
direct the user to the visualization result page where the user can find different
options to fine tune their maps or plots. The output page provides a browse history
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in which users can return back to the input Web interface, download the results in
graphic or NetCDF formats, or visit the lineage to see the provenance information
or download data in each process. Figure 6 is an example of using Giovanni to gen-
erate the accumulated rainfall from Hurricane Harvey during August 24-31, 2017.
Giovanni training materials have been developed over the years. The Giovanni
user guide [29] is available through the help button along with release notes,
browser compatibility, and known issues. Users can also visit YouTube for
Giovanni-related How-to videos [30]. The NASA Applied Remote Sensing Training
(ARSET) project also provides materials for Giovanni online training [31], used in
live webinars that are free of charge for users around the world. If users have ques-
tions or suggestions about Giovanni, they can submit them thorough the feedback
button in the landing page and a staff member at GES DISC will provide assistance.
Acknowledgment policy is also available at the bottom of the output page.

4.1.2 NASA GISS Panoply

Although users can access over 2000 variables through Giovanni, all these vari-
ables are in Level-3. While adding data variables from other levels in Giovanni are
being considered, users can use Panoply [32], developed by NASA Goddard GISS, to
view Level-2 and Level-3 data. Panoply is another powerful tool for viewing NASA
data. Panoply can be installed in several platforms and operating systems (e.g.,
macOS, Windows), requiring Java 8 or later version installed in their systems. Most
datasets archived at GES DISC can be viewed by Panoply. Once Panoply is installed,
there are several ways to import data to Panoply. If NetCDF-3 or NetCDF-4 is the
default setting for opening files in the system, Panoply will automatically open the
file when you download it from GES DISC. Popular Level-2 and Level-3 datasets are
often available in OPeNDAP and GrADS Data Server (GDS). Users can directly use
their dataset links in Panoply to visualize the variables. Although analytical func-
tions in Panoply are quite limited, it is so far an easy way to visualize datasets that
are currently not available in Giovanni (Figures 3, 4 and 5a).

4.2 Data services

Data services are essential for data archive centers. The totally redesigned GES
DISC Web site [3] (Figure 1) makes datasets, documents, and help information
easy to find. Due to a large volume of datasets and information archived at GES
DISC, a search capability is necessary to facilitate dataset discovery and exploration.
From the search box (Figure 1), users can search datasets and information in the
following categories: data collections, data documentation, alerts, FAQs, glossary,
How-to’s, image gallery, news, and tools. The category for data collections is the
default since many users come to GES DISC for datasets. Users can also browse
data by category, including subject, measurement, source, processing level, proj-
ect, temporal resolution, and spatial resolution. As of this writing, the GES DISC
archives more than ~2.3 PB data with over 117 million files. Over 2.4 billion files
have been distributed with data volume over 23 PB.

After a user types in a key word in the search box (Figure 1), the search results
are listed. Faceting and sorting are available for identifying datasets of interest,
similar to those in Giovanni. For example, a search for IMERG returns 15 datasets
and users can use Version to sort different versions and find out the datasets of the
latest version. “Get Data” or “Subset/Get Data” right below a dataset name provides
a direct link to the data download interface. A click on a dataset name leads to the
dataset landing page with more information on dataset summary, data citation,
documentation, and more data access methods including links to online archive,
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Giovanni, Web services such as OPeNDAP, GDS, and THREDDS (the Thematic
Real-time Environmental Distributed Data Services) available for some popular
datasets.

Most NASA datasets are global coverage. Many study areas are either local or
regional; therefore, spatial subsetting is important to reduce download volumes,
permitting the user more time to do research. Spatial subsetting is available for a
large number of datasets at GES DISC. Users can use a computer mouse to drag an
area of interest or type in the geolocation coordinates in the subsetter interface.
Some subsetters can do more than spatial subsetting such as parameter subset-
ting, i.e., selecting wanted variables from a list, which can also help reduce data
to be downloaded. For MERRA-2 data, the subsetter can also regrid the original
MERRA-2 data into different grid structures with a list of interpolation methods
(e.g., bilinear, bicubic). Furthermore, the MERRA-2 subsetter can subset data at
pressure levels. NetCDF-4 is available for many datasets at GES DISC, which can be
handled by many software packages or tools such as Panoply, ArcGIS.

Level-2 data subsetting is available for popular and high-volume datasets such as
the Level-2 GPM dual-frequency product from DPR (2ADPR) that provides general
characteristics of precipitation, correction for attenuation, profiles of precipitation
water content, rain rate, as well as particle size distributions of rain and snow. The
dual-frequency observations from DPR provide better estimates of rainfall and
snowfall rates than the single-frequency TRMM PR [33] with additional informa-
tion for particle size and melting layer height from the Ka band. Variables in 2ADPR
are available in all three scan modes of DPR: a) normal scans (NS), b) matched
scans (MS) (Figure 5a), c) and high sensitivity (HS), and their swath sizes range
from 120 km to 245 km. Each file contains over 400 variables with size close to
300 MB. The subsetting service, developed at GES DISC, provides both variable
and spatial subsetting capabilities, which help reducing the file size by several
orders of magnitude, depending on selections. Three spatial subsetting capabilities
(Figure 5b) are currently available: a rectangular latitude/longitude box, a circle,
and a point. Users can pick one of them in the interactive subsetting Web interface
and create an area or point of interest. These spatial and parameter subsetting
capabilities facilitate ground validation and evaluation activities. For example, users
can pull DPR data over a time period for a location where a rain gauge is located for
validation or evaluation.

For decades, the GES DISC has archived and distributed a large amount of Earth
science data, information, and services to diverse communities including the tropi-
cal cyclone community. From searching, discovering to assessing such “Big Data,”
i.e., heterogeneous and immense scientific data (particularly, satellite or model
products) in order to timely and properly examine and assess those natural devas-
tating weather events with an imminent goal for better understanding their natures
and reducing the resultant disaster risk, it has, nonetheless, become a daunting task
for science researchers and application users (and decision makers).

Aiming to substantially assist our users in their online effectively (i.e., quickly
and properly) acquiring the data they want and/or need a “one-stop shop” with a
minimum effort from our large data collection for their investigating and assess-
ing the targeted disastrous weather such as hurricanes, the GES DISC has recently
developed a value-added and knowledge-based data service prototype by prepar-
ing/presenting the “List” of relevant data and the pertinent resources accord-
ingly. Such a data service framework, termed as “Datalist” (currently containing
“Hurricane Datalist” only), which basically consists of suites of annotated Web
addresses (URLs) that point to the proper and relevant data and resources. Figure 7
(concept based on [34, 35]) shows a basic workflow of how a user can online, via
accessing Hurricane Datalist, acquire and assess the respective datasets (down to the
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variable level such as wind and air temperature, etc.) or services (such as Subsetting
and Giovanni) they want or need relevant to their targeted hurricane event, e.g.,
Hurricane Sandy (October 22-29, 2012) over the US continent and coast area at

one stop. Basically, through visiting the Hurricane Datalist page (Figure7), users
can readily choose and apply those handy “Subsetting” options of (1) refining data
temporal range; (2) selecting spatial domain; (3) choosing targeted variables; and
(4) acquiring and downloading the data they want and/or need. Moreover, a useful
“window shopping” service is offered to users, allowing them to utilize Giovanni

Key in “datalist” here!

Hurricane Datalist
Hyperlink

Subsetting
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Selecting Data Variables
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Figure 7.
Flow chart of discovering and accessing data sets and variables, e.g., hurricane Sandy (October 22-29, 2012)
via hurricane Datalist.
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Figure 8.
(a) MERRA-2 wind speeds, (b) AIRS air temperature during October 28—29, 2012 involving hurricane Sandy
(October 22—29, 2012).
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to plot and view their interested variables pre-“data downloading” that help them
make proper decisions. Figure 8 shows two maps produced with Giovanni for the
two sampled data variables, i.e., the MERRA-2 wind speeds (Figure 8a) and the
AIRS air temperature (Figure 8b).

Users must register the NASA Earthdata login system before downloading data
from any NASA data center (including GES DISC). A help feature [3] is available
to assist users when they have questions about data and services, which can be very
helpful for those who are not familiar with NASA satellite datasets and may not
know where to begin. Using this feature, GES DISC staff and supporting scientists
can guide users regarding questions related to datasets, tools, documentation, and
services. FAQs and How-To recipes are also available and searchable.

5. Case studies

5.1 Case 1: Evaluation of MERRA-2 precipitation during hurricane
Katrina landfall

Evaluation (e.g., comparison) of a dataset prior to download is important to
understand (for example) any biases or systematic differences in datasets, which
is quite common for remote sensing and model datasets. Over oceans, few in situ
observations are available, especially for precipitation, making it very difficult to
assess their biases. MERRA-2 datasets provide over 39 years of continuous analysis
ranging from hourly to monthly, as mentioned earlier, and can be used to study
events and environmental changes (e.g., trends) in tropical oceans and other
regions as well.

There are two types of precipitation parameters in MERRA-2: a) precipitation
from the atmospheric model (variable PRECTOT in the MERRA-2 dataset collection)
and b) observation-corrected precipitation (variable PRECTOTCORR) [36, 37].
Observational data are introduced in the latter parameter due to considerable errors
that propagate into land surface hydrological fields and beyond [38].

Bosilovich et al. [37] have conducted a general evaluation of MERRA precipita-
tion estimates, including precipitation climatology, interannual variability, diurnal
cycle, Madden-Julian Oscillation (MJO) events, global water cycle, and U.S. sum-
mertime variability. Although the preliminary evaluation provides a basic under-
standing of the MERRA-2 precipitation products, evaluation for extreme weather
events is still needed to better understand MERRA-2 precipitation behavior and
characteristics.

Figure 9.
Daily precipitation total (in mm) during hurricane Katrina landfall on August 29, 2005 from (a) MERRA-2
modeled precipitation; (b) observation-corrected precipitation; and (c) TMPA 3B42.
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Figure 9 shows 3 daily precipitation maps from the MERRA-2 modeled, obser-
vation-corrected, and bias-corrected TMPA 3B42 precipitation products on Aug.
29, 2005, when the deadly Hurricane Katrina, as currently ranked as the 3rd most
intense landfalling hurricane in the U.S. history, made a landfall near New Orleans,
Louisiana. Katrina claimed at least 1245 lives, making it the deadliest U.S. hurricane
since the Hurricane Okeechobee in 1928. Apart from the obvious difference in the
dataset spatial resolutions (~0.5° in MERRA vs. 0.25° in 3B42), it is seen that large dif-
ferences exist among three precipitation products (Figure 9). Figure 9a shows that
the modeled precipitation has the largest systematic differences against TMPA 3B42
(Figure 9¢) in terms of intensity and structure. Significant differences still exist even

merg_2017091912_skm-pixel ned
erighness semperaure:

Figure 10.

Sample images of hurricane Maria at 12Z September 19, 2017 from different datasets and services: (a) true
color image from Suomi NPP in NASA Worldview; (b) NOAA/CPC mevged IR from the GES DISC archive;
(c) MERRA-2 cloud top temperature; (d) MERRA-2 surface wind speed; (¢) MERRA-2 total column ozone;
and (f) MERRA-2 surface specific humidity.
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after observational data were applied for bias correction (Figure 9b and c¢). More
importantly, the centers of heavy rainfall are mismatched in all datasets. In TMPA,
there are two centers and all are over the ocean (Figure 9¢c). By contrast, the center
from the modeled is located on land (Figure 9a). The center from the observation-
corrected is between the modeled and TMPA (Figure 9b). Also, it seems that both
MERRA-2 precipitation products do not do well in the light rain regions in Figure 9.
The overestimation issue in this case seems to be consistent with the evaluation
conducted by Bosilovich et al. [37]; however, other important issues (e.g., the heavy
rain centers in wrong places) do exist.

5.2 Case 2: Acquiring Earth science data measurements all at once to study
hurricane events

Collecting and evaluating data are important activities for tropical cyclone
research. A one-stop shop for acquiring these activities can save time and is very
desirable. However, such system is still being developed and there are many
obstacles to overcome. This case study is to demonstrate, with existing tools, one
can conduct such activities.

With Giovanni, users can explore over 2000 satellite- and model-based vari-
ables. For example, Hurricane Maria is a deadly Category-5 hurricane and caused a
heavy damage on local economy in island countries in the Caribbean. Before using
Giovanni, one can obtain the true color satellite image from NASA Worldview
(Figure 10a) and the IR image from the merged IR dataset at the GES DISC and
Panoply (Figure 10b). The latter provides uninterrupted IR data at 4-km spatial
resolution available every 30 minutes, which is very helpful for tracking the hurri-
cane evolution. There are many variables in Giovanni from TRMM, GPM, MERRA-
2, etc. Once the beginning and ending times as well as the geolocation are decided,
one can input such information in Giovanni. The next step is to select variables of
interest. In this case, four MERRA-2 variables are selected: (a) cloud top tempera-
ture (Figure 10c); (b) surface wind speed (Figure 10d); (c) total column ozone
(Figure 10e); and (d) surface specific humidity (Figure 10f). In Figure 10b and c,
large differences in cloud top temperatures exist between the merged IR dataset and
MERRA-2. For example, the MERRA-2 cloud top temperatures appear to be cooler
than those of the merged IR north of the coast of Venezuela. High wind speeds
are found near the hurricane center (Figure 10d) where low total column ozone
(Figure 10e) and high surface specific humidity (Figure 10f) are located.

6. Summary and future plans

In this chapter, we present an overview of basic datasets and services at GES
DISC for tropical cyclone research. The collection at GES DISC includes datas-
ets from major NASA satellite missions (e.g., TRMM, GPM) and projects (e.g.,
MERRA-2, GPCP) with emphasis on precipitation, hydrology, atmospheric
composition, atmospheric dynamics, etc. The GES DISC provides user-friendly
data services to facilitate data evaluation and download, including a) Giovanni,
an online visualization and analysis tool for access over 2000 variables without
downloading data and software; b) data subsetting services that allow spatial and
variable subsetting of Level-2 and Level-3 datasets; ¢) different data access methods
(online archive, OPeNDAP, GDS, THREDDS) and data formats for a wide variety of
users with various technical expertise in handling complex remote sensing datasets;
d) information about documentation and data citation; and e) user services to
answer data or service-related questions.
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We present two case studies to show how our datasets can be used in tropical
cyclone research. In the first case, three different precipitation datasets were com-
pared during the landfall of Hurricane Katrina. Results show that large differences
exist among the three datasets. The MERRA-2 modeled precipitation has a large wet
bias compared to the other two datasets. The areas of heavy precipitation for both
modeled and observation-corrected are different from those of 3B42. The results
suggest that these differences need to be considered when using the model precipi-
tation products. The second case is an example of exploring different satellite- and
model-based variables from existing data services and tools such as Worldview,
Panoply, and Giovanni.

Two main areas are focused in future plans: datasets and services. First, as men-
tioned earlier, NASA Earth data are archived at 12 discipline-oriented data centers
across the United States. Datasets at other NASA data centers are also important
for tropical cyclone research. For example, the Physical Oceanography DAAC at
JPL archives key measurements for tropical cyclone research such as satellite-based
ocean surface wind, sea surface temperature, etc. NASA airborne and field cam-
paign datasets for hurricane research, archived at the Global Hydrology Resource
Center, play an important role in product validation and case studies. One challenge
is to facilitate data discovery and access across the DAACs because relevant datasets
are located in different or multiple centers and each center has its unique Web
interface for ordering data as well as tools for customized analysis and visualiza-
tion, which may create problems to some users. It would be more user friendly and
efficient to have a one-stop Web interface with data services for acquiring datasets
from different data centers. Prototypes have been developed specifically for tropical
cyclone research, but they have not been fully integrated into operation and only
limited datasets are available; therefore, the datasets can be incomplete. Currently,
only NASA Earthdata allows searching datasets from the 12 NASA data centers with
very limited data services available. As well, tools can be consolidated and further
developed to facilitate access to datasets at different data centers. More on this is to
be elaborated in the services.

Analysis-ready data can save time and expedite research and discovery because
data are pre-processed at a data center based on research needs. These data are
friendly to user’s written analysis software or publicly available software pack-
ages or tools. For example, time series data subsetting can be a challenging issue
for some communities (e.g., hydrology). NASA data are file based, one-time step
per file with complex data structures containing few or more variables, which
is not optimal for time series data access [39]. To make data analysis ready, data
may need to be re-organized for efficient access, such as is demonstrated by the
data rods concept [39]. Increasingly, machine learning (ML) and artificial intel-
ligence (AI) algorithms are being used in many areas including tropical cyclone
research. Training data play an important role in both ML and Al development
and applications. Making training data from collections at DAACs analysis ready
(e.g., providing event-based data subsets) can save time for downloading data and
processing.

The NASA’s Earth Observing System Data and Information System (EOSDIS)
cloud evolution [40] is a project to deploy NASA Earth science data and services
into a commercial cloud environment to improve data accessibility and service-
ability across all NASA DAACs. Prototypes are currently in development to demon-
strate cross-DAAC data discovery, access, and servicing. Some datasets are moving
natively and operationally into cloud environments as of this writing, such as those
from the upcoming Surface Water and Ocean Topography (SWOT). Selected GES
DISC datasets are scheduled to be deployed into a cloud environment in 2020,
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including the IMERG and MERRA-2 collections. Placing the EOSDIS archive col-
lectively in the cloud will, for the first time, place NASA Earth Observation (EO)
data “close to compute” and improve management and accessibility of these data
while also expediting science discovery for data users. This will also enable large-
scale data analytics for data users, especially allow more efficient use data from
multiple DAACs.

As mentioned earlier, NASA Earth science data collected from satellites, model
assimilation, airborne missions, and field campaigns are large, complex, and evolv-
ing. It can be a daunting task to obtain data from different centers with different
interfaces or tools. Data services increasingly play an important role to facilitate
data discovery, access, and exploration. Data services at GES DISC are evolving
as well. For example, our currently predefined Datalist by no means can contain
variables in all possible research topics in hurricane research. User-defined Datalist
would allow users to define their own Datalist is the next thing to be developed.
The user-defined Datalist not only can save time for dataset search but also can be
sharable to other collaborators or scientists.

Since tropical cyclone research can be categorized based on different spatial
and temporal scales. For mesoscale or synoptic scale, event case studies are heavily
conducted in tropical cyclone research, requiring that an event information can be
easily retrieved from a database (e.g., Hurricane best track data or HURDAT) in
order to locate relevant datasets for subsetting, analysis, and visualization with that
information (spatial and temporal constrains). Furthermore, datasets can also be
searched and located based on other information such as track, intensity, or criteria
set by users. At present, neither Giovanni nor the GES DISC Web interface has
such capabilities. Adding such event databases can also create data subsets for other
research activities such as wild fires, volcanic eruptions, heat waves, snow storms,
and noreasters.

Integration, analysis, and visualization for NASA Level-2 and airborne products
are challenging because there are a lot of data-related issues such as formats, struc-
tures, terminology, etc. Furthermore, integration of Level-2 and Level-3 products
is also needed since model and multi-satellite products (MERRA-2, IMERG) are
gridded Level-3 products. The first challenge is to be able to locate (then collocate)
available datasets (e.g., swath) for an event and subset the data for the area of
interest. The latter work has been done for some GPM products at GES DISC, as
mentioned earlier. Customized development is necessary to deal with different data
structures from different satellite missions as well as airborne and field campaigns,
requiring a close collaboration among data centers. At present, there is no Level-2
dataset in Giovanni. Adding Level-2 datasets and airborne data in Giovanni is
important to significantly expand the capabilities of Giovanni in tropical cyclone
research because observations are very limited over vast tropical oceans, and all
these available observations are important for a wide variety of research activities,
regardless. Participation and feedback from users or stakeholders always play a key
role to ensure development results to be user friendly and useful.

For climate scale, data services need to provide essential information and data-
sets including climatological datasets (e.g., sea surface temperature, ocean surface
wind speed), anomalies, trends, etc. to help researchers to understand changes and
trends in environmental conditions over tropical oceans where tropical cyclones are
born and developing. Long-term datasets are important, such as MERRA-2 datasets
provide over 39 years of global assimilation analysis (1980—present), which is suit-
able for generating climatological datasets. Giovanni provides on-the-fly generation
of climatology and time series plots for several key datasets, such as MERRA-2,
TMPA, and IMERG, for tropical cyclone research.
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Climate Models Accumulated
Cyclone Energy Analysis

Sullyandro Oliveiva Guimardes

Abstract

Looking at the connection between tropical cyclones and climate changes due
to anthropogenic and natural effects, this work aims for information on under-
standing and how physical aspects of tropical cyclones may change, with a focus
on accumulated cyclone energy (ACE), in a global warming scenario. In the pres-
ent climate evaluation, reasonable results were obtained for the ACE index; the
Coupled Model Intercomparison Project Phase 6 (CMIP6) models with lower hori-
zontal and vertical resolution showed more difficulties in representing the index,
while Max Planck Institute model demonstrated ability to simulate the climate with
more accurate, presenting values of both ACE and maximum temperature close
to NCEP Reanalysis 2. The MPI-ESM1-2-HR projections suggest that the seasons
and their interannual variations in cyclonic activity will be affected by the forcing
on the climate system, in this case, under the scenario of high GHG emissions and
high challenges to mitigation SSP585. The results indicate to a future with more
chances of facing more tropical cyclone activity, plus the mean increase of 3.1°C in
maximum daily temperatures, and more heavy cyclones and stronger storms with
more frequency over the North Atlantic Ocean may be experimented, as indicated
by other studies.

Keywords: climate change, accumulated cyclone energy, SSP585 scenario, tropical
cyclones, CMIP6

1. Introduction

The challenge of connecting climate change to tropical cyclones (TCs) lies
in determining that a change has occurred given natural variability whether by
significant changes in climate forcing such as greenhouse gases (GHGs) or aerosols
or by the sum of both natural and anthropogenic factors.

Tropical cyclone activity has complex characteristics that make it difficult to
achieve robust future projections. The onset, duration, intensity, and phenomenol-
ogy associated with these storms carry many uncertainties in numerical modeling,
due to limitations of models to represent local/micro-scale physical processes and
tangents to the computational aspect in simulating the climate of long periods, from
decades to centuries.

Changes in natural variability, volcanic emissions, and solar activity have made a
small contribution to the changes in climate over the last century [1, 2]. The natural
cycles observed in climate records do not explain the increases in the heat content of
the atmosphere, ocean, or cryosphere since the industrial age [3-6].
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Earth’s climate has been affected by changes in factors that control the amount
of energy entering and leaving the atmosphere. These factors, known as radiative
forcings, include changes in albedo through land use and cover, greenhouse gases,
and aerosols. The increase in the concentration of greenhouse gases by emissions
from human activities is the largest of these radiative forcings. By absorbing
longwave radiation emitted by Earth and redirecting it equally in all directions,
greenhouse gases increase the amount of heat retained in the climate system, warm-
ing the planet [2, 7-9].

A comparison of a model’s simulation of internal multidecadal climate variabil-
ity with the observed increase in an Atlantic hurricane rapid intensification metric
(1982-2009) finds a highly unusual behavior in the metric result and is consistent
with the long-term response sign expected by the model to anthropogenic forc-
ing [10]. In the same direction, the 2018 US National Climate Change Assessment
reports that decreases in air pollution and increases in GHGs have contributed to
increases in Atlantic hurricane activity since 1970 [11].

There is growing evidence of a significant increase in the TC’s proportion that
become major hurricanes, although the frequency of TCs has remained roughly
constant in recent decades [12-17]. A recent study showed that in the central and
eastern tropical Atlantic basin during 1986-2015, the 95th percentile of 24 h inten-
sity changes increased significantly [18]. The intensification rate of intensifying
storms, another metric that is not dependent on TC frequency, exhibited significant
growth during 1977-2013 in the West Pacific basin [19]. In both studies, the large-
scale environment became more conducive to TC intensification over time. Areas
with increases in potential intensities [20] and the largest increase in sea surface
temperatures (SSTs) seem to be located with the largest positive changes in intensi-
fication rates.

How future anthropogenic warming can affect TC is an important issue,
mainly due to the large social impacts they can cause [21], as discussed in previous
reports of the Intergovernmental Panel on Climate Change (IPCC) [22] and World
Meteorological Organization (WMO) [23].

The IPCC-ARS [24] concludes for a 2°C global warming that there is more than
66% likelihood to the TC rainfall rates increase in the future and accompanying
increase in atmospheric moisture content. Modeling studies on average indicate
increase rainfall rates averaged within about 100 km of the storm by 10-15%. The
TC intensities increase on average (1-10%), which would imply an even larger
increase of percentage in the destructive potential per storm, assuming no reduc-
tion in storm size (responses to anthropogenic warming are uncertain).

The future projection for the global number of Category 4 and 5 storms is likely
to increase due to anthropogenic warming over the twenty-first, but there is less
confidence since most modeling studies project a decrease (or little change) in the
overall frequency of all combined TC [24].

Links between climate and tropical cyclones were analyzed in [25], with a good
understanding of the relationship at various time scales, with significant trends
observed for cyclone intensity and frequency over the past decades over Atlantic.
Most climate models simulate fewer tropical cyclones and stronger storms, with
increase in precipitation rates. Further sea level rise is likely to increase storm
threats, with studies of combined effects of floods and storms projecting that
increases are due to global warming [26].

Given the importance of tropical cyclone study, and how changes induced by
human actions in the terrestrial system may affect such phenomena, the aim of
this study is to evaluate simulations of global numerical models of the Coupled
Model Intercomparison Project Phase 6 (CMIP6) [27], by representing the recent
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past, and thus access future projections that may occur and indicate trends of
changes in cyclone events.

2. Accumulated cyclone energy (ACE) approach

ACE uses the maximum wind speed over time to quantify hurricane activity
by season, defined as the sum of the squares of the maximum wind speeds at 6-h
intervals, considering the time while the hurricane is at tropical storm strength or
greater [28]. As kinetic energy is proportional to the square of velocity, ACE is a
value proportional to the energy of the system, by adding together the energy per
some interval of time.

A review by [29] evaluates different hurricane indexes, indicating ACE as a
valuable metric for quantifying the overall impact of tropical cyclones on the Earth’s
climate, classifying this index as a duration-based integral of a time series.

The ACE definition given by [28, 29] was adapted to use the monthly output
from models, setting a related ACE:

ACE =107V, 1)

where V,,,, applied to this work was the monthly mean of maximum daily wind
speed in knots, with ACE units being 10 " knots.

The primary energy source for TC is the heat from the evaporation that comes
from the warmed ocean surface; several studies showed the correlation between sea
surface temperature and TC [21, 23, 30, 31]. Additionally, the increase in precipita-
tion rates is largely based on the Clausius-Clapeyron ratio, which produces about a
7% increase in water vapor in the atmosphere by 1°C warming [32, 33]. Thus, the
maximum near-surface air temperature at 2 m (TASMAX) expresses a direct physi-
cal relationship with the TC occurrence, used here to be an auxiliary proxy to help
the discussion ahead.

Tropical Cyclone Tracks

Data from 1949 in the Pacific, from 1851 in the Atlantic

Figure 1.
Tropical cyclone tracks map (adapted from [34]) with the region delimitation for this study: 75 W to 45 W and
13 Nto 25 N.
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Most tropical cyclones are formed in the intertropical convergence zone (ITCZ).
Tropical waves are another important source of atmospheric instability, contribut-
ing to the development of about 85% of cyclones over the Atlantic Ocean [35, 36].
TC rarely forms or moves around 5° from the equator where the Coriolis effect is
more weak, with most of them appearing between 10 and 30° latitude away from
the equator [37]. Thus, the delimited area in the central region in Figure 1 was
chosen as representative to develop the objective of this work.

3. Climate data overview

Climate models have been used to understand how the climate has changed in
the past and may change in the future. These models simulate the physics, chem-
istry, and biology of the atmosphere, land, and oceans, now called Earth system
models, and require supercomputers to generate their climate projections.

A set of standard experiments was designed for CMIP, allowing results to be
comparable across different model simulations, to see where models agree and
disagree on past and future scenarios [38].

CMIP6 historical experiment covers the period 1850-2014, forced by datasets
that are largely based on observations, used as an important benchmark for
assessing performance through evaluation against observations, and are well
suited for quantifying and understanding important climate change response
characteristics [38, 27]. The characteristics and forcings included in historical
were described in [27]:

* Emissions of short-lived species and long-lived GHGs

* GHG concentrations

* Global gridded land use forcing datasets

* Solar forcing

* Stratospheric aerosol dataset (volcanoes)

» AMIP sea surface temperatures and sea ice concentrations (SICs)

* For simulations with prescribed aerosols, a new approach to prescribe aerosols
in terms of optical properties and fractional change in cloud droplet effective

radius to provide a more consistent representation of aerosol forcing

* For models without ozone chemistry, time-varying gridded ozone concentra-
tions and nitrogen deposition

Shared socioeconomic pathway (SSP) scenarios are part of a framework
designed to span a range of futures in terms of the socioeconomic challenges that
they imply for mitigating and adapting to climate change. In short they are:

SSP1 - Low challenges to mitigation and adaptation.

SSP2 - Intermediate challenges to adaptation and mitigation.

SSP3 - High challenges to mitigation and adaptation.

SSP4 - Low challenges to mitigation and high challenges to adaptation.

SSP5 - High challenges to mitigation and low challenges to adaptation [39, 40].
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SSP585 results of a complementary effort by SSP narrative and the
Representative Concentration Pathways (RCPs), representing the high end of the
range of future pathways. SSP5 was chosen for its forcing pathway because its emis-
sions pathway is high enough to produce a radiative forcing of 8.5 W/m” by the end
of the century, updating RCP8.5 [39, 40]. Figure 2 summarizes all the current SSP
scenarios for CMIP6 in terms of radiative forcing.

3.1 NCEP-DOE AMIP-II reanalysis

Climate reanalysis aims to assimilate historical observational data with numeri-
cal models to generate consistent time series of multiple climate variables. These are
a comprehensive description of the observed climate as it has evolved during recent
decades, providing global datasets at sub-daily intervals, turning possible more
detailed approaches, and then having just observation data [41, 42].

NCEP-DOE Reanalysis 2 project performs data assimilation using past data from
1979 through the present. The data is available at PSD portal (https://www.estl.
noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html) in its original four times
daily format and as daily averages. The horizontal resolution is 210 km and 28 verti-
cal levels [42].

The zonal and meridional wind components at 2 m and 6-6 hs data were used to
compute monthly maximum wind speed. The ACE index was obtained by apply-
ing this monthly maximum wind speed in Eq. 1. Similarly, the monthly maximum
temperature (TASMAX) was calculated through the daily maximums obtained with
6-6hs data. These variables provided by NCEP reanalysis were used as a reference to
evaluate the recent past simulations.

3.2 CMIP6 historical and SSP585 simulations

CMIP6 simulation outputs are available in the Earth System Grid Federation
(ESGF), through a distributed data archive developed. The data are hosted on a
collection of nodes across the world by modeling centers [43]. The main portal to
access the datasets is https://esgf-node.llnl.gov/search/cmip6/.

10
Total anthropogenic radiative forcing J
9 |
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8- (Eiarsedime)
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(Basedme}
6 4
NE 5 SSP4-6.0
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1960 2100

Figure 2.
Anthropogenic radiative forcing for the twenty-first-century scenarios in the ScenarioMIP design (from [39],
shown in [40]).
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Model Run Nominal Vertical Components
resolution levels
CNRM-CM6-1 rlilplf2 250 km 91 AOGCM
CNRM-ESM2-1 rlilplf2 250 km 91 AOGCM/BGC/AER/CHEM
IPSL-CM6A-LR rlilplfl 250 km 79 AOGCM/BGC
MPI-ESM1-2-HR rlilplfl 100 km 95 AOGCM
Institution/Center Reference
CNRM-CM6-1 CNRM (Centre National de Recherches [44]
Meteorologiques, Toulouse 31,057, France),

CNRM-ESM2-1 CERFACS (Centre Europeen de Recherche et [43]

de Formation Avancee en Calcul Scientifique,

Toulouse 31,057, France)
IPSL-CM6A-LR Institut Pierre Simon Laplace, Paris 75,252, [46]
France

MPI-ESM1-2-HR Max Planck Institute for Meteorology, Hamburg [47]

20,146, Germany

Table 1.
CMIP6 global models and their physical and numerical chavacteristics.

The complexity of the models, experiments, and methodologies makes it hard
for modeling centers to complete the entire archive to participate in CMIP6. Thus,
at this time the available datasets to use in this work, for both historical and SSP585,
are listed in Table 1.

4. Analysis

The models simulate their own climate, with no obligation to get it right exactly
when specific events have occurred in relation to observational data. On the other
hand, they should be able to represent global or large-scale phenomena such as
El Nifio, La Nifia, ITCZ, and ocean circulation. Thus, the models are expected to
represent the average climate of the recent past, as well as to simulate the future in
the same direction.

Thus, the regional annual cycle for variables with approximately linear behav-
ior, such as temperature, should be easier to represent. Episodic variables such as
precipitation and local wind speed are more difficult to model numerically, given
the randomness of events. But it is expected that for long periods, good results will
be obtained from the models on average terms, as suggested by the WMO to use at
least 30 years for climate studies.

The ACE, because it depends directly on the wind, can be assumed to present
results that are less well behaved concerning the reference data than the tem-
perature. This occurs in the results obtained here through the CMIP6 models; the
ACE index shows similarities for the monthly climate average through the annual
cycle (Figure 3), although with a discrepancy between the models higher than
the maximum temperature (Figure 7). In addition to the nonlinearity involved,
the models themselves have their limitations, which may be due to the physi-
cal, numerical, or computational approach. Model scaling errors for the ACE
index are in the order of —12%. Among the models, MPI-ESM1-2-HR performed
better in representing the annual ACE cycle, with a good approximation of the
mean monthly values compared to reanalysis, with a correlation of 0.93 and bias
error — 1.28%.
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Climatological ACE - Observation/Historical (1979-2014) and SSP585 (2065-2100)
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Figure 3.
Annual cycle of the study region for ACE.

The French model IPSL-CM6A-LR has the highest percentage error among the
others for ACE, at 22.70% of the reanalysis (Figure 3). On the other hand, this same
model obtained a better representation of seasonal variability (0.85 correlation)
than the two CNRM models, which presented smaller errors (—11%) but with lower
correlations, 0.76 (CNRM-CM6-1) and 0.74 (CNRM-ESM2-1). The critical value
of the sample correlation, for 95% significance (n-2 degrees of freedom), is 0.576,
with all model results performing significant correlations.

The variation coefficient (VC), defined as the ratio of standard deviation by the
mean, represents the relative standard deviation, used here to assess whether the
models have significant monthly interannual variability or whether they represent
climate more closely than stationarity.

The months with the highest percentage variation range from December to May
(Figure 4), where there is a relative skill of the models, VC values not exceeding 5%
from NCEP-DOE Reanalysis 2. In the months from June to November, models have
more difficulties to simulate the maximum wind speeds, possibly resulting from
the higher activity of the ITCZ in the region selected for the study and being also
the months with the high temperatures of the year (Figure 7). The MPI-ESM1-2-HR
model best quantified the interannual ACE variations for the months with the high-
est CT activity, followed by the IPSL model, erring only in magnitude, hitting the
temporal evolution in most months.

The polynomial curve fitting creates an approximating function that attempts
to capture important patterns in the data while leaving out noise or other fine-scale
structures/rapid phenomena. This method can aid in data analysis by being able to
extract more information from the data as long as the assumption of smoothing is
reasonable and to provide analysis that is both flexible and robust.

The first-degree coefficient represents the linear trend of the data, and, as
shown in Figure 5, the NCEP reanalysis has a small negative trend in annual ACE
over the recent past (1979-2014). With the same trend signal, IPSL-CM6A-LR
follows the observation pathway, while the other three models simulate a positive
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Variation Coefficient (%)

Figure

ACE Variation Coefficient - Observation/Historical (1979-2014) and SSP585 (2065-2100)
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Annual ACE - Observation/Historical (1979-2014) and SSP585 (2065-2100)
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Polynomial adjustment coefficients for annual ACE of the study region.

trend. From the second-degree coefficient to further ahead, the adjustments are
related to patterns with more oscillatory rates, and in the present analysis, this
type of signal has no significance. Thus, it can be assumed that models with coef-
ficient values close to reanalysis, in modulus, should have a similar pattern of
variability in different modes. The German model was the most difficult to obtain
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the adjustment, probably because it has a higher horizontal resolution, making it
possible to discretize more climate phenomena, which has coefficient values more
distant than the obtained for the reanalysis.

The projection of annual ACE for the twenty-first century (Figure 6) hasa
similar average behavior among models, without abrupt trend changes, presenting
modes of variation not far from the simulated for the recent past. The long-term
trend for the period 2065-2100 is an increase in the average annual ACE values for
the CNRM-ESM2-1 and MPI-ESM1-2-HR models and a reduction for the IPSL-
CMB6A-LR and CNRM-CM6-1, with no majority agreement.

The TASMAX annual cycle has a good performance by the models; in terms of
seasonality, all models show suitable patterns, with low errors in representing the
evolution of the monthly cycle. The bias error is a problematic aspect, the three
French models have sub estimate ~2°C, while MPI-ESM1-2-HR fits almost the entire
NCEP reanalysis climatology (Figure7).

The annual TASMAX projections for the future (Figure 8) are similar to that
described in the IPCC Special Report on the impacts of global warming of 1.5°C
above preindustrial levels and related global greenhouse gas emission pathways
[48], in which there is a high confidence that the estimated anthropogenic global
warming is currently increasing at 0.2°C per decade due to past and ongoing
emissions.

The mid- and long-term ACE future projections for most models analyzed
indicate to the increase of the index and just the MPI-ESM1-2-HR follows a different
pathway (Figure 9). The approaches used in the results shown in Figures 9 and 10
consist of calculating the future percentage change over the periods and apply-
ing this change to the reanalysis recent past value. This way, the projection has no
bias error associated to it, bringing the right value expected in the future for the
projection.

Annual ACE - Observation/Historical (1979-2014) and SSP585 (2015-2100)
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Figure 6.
Annual ACE time series for recent past and future simulation under SSP585.
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Climatological TASMAX - Observation/Historical (1979-2014) and SSP585 (2065-2100)
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Annual TASMAX time series for vecent past and futurve simulation under SSP58s.

The model with better results, MPI-ESM1-2-HR, trends to increase annual ACE
under the projection period, but points the opposite to mid- and long-term mean
(Figure 9). One of the changes in the annual cycle is an increase in the index in
months where TC activity is not intense, as in the months of the beginning and end
of the year, in which there is also an increase in VC. These factors suggest that the

140



Climate Models Accumulated Cyclone Energy Analysis
DOI: http://dx.doi.org/10.5772/intechopen.91268

ACE Projection for Mid and Long term
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Future ACE projection under SSP585 for mid (2020—2055) and long (2065—2100) terms.
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Future TASMAX projection under SSP585 for mid (2020-2055) and long (2065-2100) terms.

seasons and their interannual variations in cyclonic activity will be affected by the
forcing on the climate system, in this case, under the scenario of high GHG emis-
sions and high challenges to mitigation SSP585.

The MODELS-MEAN projection (Figures 9 and 10) was computed by the
weight mean, considering the annual cycle correlation value as the weight for each
model. Thus, MODELS-MEAN performs a more confident projection. The results
for that concern to a future with more chances of facing more tropical cyclone
activity, plus the huge long-term TASMAX increase of 3.1°C (Figure 10); the
twenty-first century may experiment more heavy cyclones and stronger storms
with more frequency, as indicated by other studies [21, 23, 25, 26].

5. Conclusions

The accumulated cyclone energy index adapted for this work has made it simpler
to assess the recent past and to obtain projections of CMIP6 models, given the use of
monthly data directly.

In the present climate evaluation (1979-2014), reasonable results were obtained
for the ACE index; the French models of lower horizontal and vertical resolution
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showed more difficulties to represent the index, while the Max Planck Institute
model demonstrated ability to simulate the climate with more accuracy than the oth-
ers, presenting values of both ACE and TASMAX very close to NCEP Reanalysis 2.

TASMAX was already expected to obtain good results numerically; in terms of
seasonality all models show suitable patterns, with low errors in representing the
evolution of the monthly annual cycle.

The annual ACE projection has a similar average behavior among models in the
recent past, without abrupt trend changes, but with no major agreement to increase
or reduce trend. The mid- and long-term mean for most models analyzed shows an
increase in ACE.

The MPI-ESM1-2-HR projections suggest that the seasons and their interannual
variations in cyclonic activity will be affected by the forcing on the climate system,
in this case, under the scenario of high GHG emissions and high challenges to
mitigation SSP585.

The results indicate to a future with more chances of facing more tropical
cyclone activity, plus the mean increase of 3.1°C in maximum daily temperatures,
and more heavy cyclones and stronger storms with more frequency may be experi-
mented, as indicated by other studies [21, 23, 25, 26].

The study needs to be expanded, including more models, to increase the range of
results and to narrow down potential trends that may occur in ensemble analysis.

Author details

Sullyandro Oliveira Guimardes
Federal University of Ceard, Fortaleza, Ceard, Brazil

*Address all correspondence to: sullyandro@gmail.com

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

142



Climate Models Accumulated Cyclone Energy Analysis

DOI: http://dx.doi.org/10.5772/intechopen.91268

References

[1] Bindoff NL, Stott PA, Achuta

Rao KM, Allen MR, Gillett N, Gutzler D,
et al. Detection and attribution of
climate change: From global to regional.
In: Stocker TF, Qin D, Plattner G-K,
Tignor M, et al., editors. Climate
Change 2013: The Physical Science
Basis. Contribution of Working Group

I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate
Change. Cambridge, United Kingdom/
New York, NY, USA: Cambridge
University Press; 2013. pp. 867-952

[2] Myhre G, Shindell D, Bréon F-M,
Collins W, Fuglestvedt J, Huang J, et al.
Anthropogenic and natural radiative
forcing. In: Stocker TF, Qin D, Plattner
G-K, Tignor M, et al., editors. Climate
Change 2013: The Physical Science
Basis. Contribution of Working Group
I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate
Change. Cambridge, United Kingdom/
New York, NY, USA: Cambridge
University Press; 2013. pp. 659-740

[3] PAGES 2K Consortium. Continental-
scale temperature variability during the
past two millennia. Nature Geoscience.
2013;6(5):339-346. DOI: 10.1038/
ngeol797

[4] Marcott SA, Shakun JD, Clark PU;
Mix AC. A reconstruction of
regional and global temperature

for the past 11,300 years. Science.
2013;339(6124):1198-1201. DOI:
10.1126/science.1228026

[5] Cheng L, Trenberth KE, FasulloJ,
Boyer T, Abraham J, Zhu J. Improved
estimates of ocean heat content from
1960 to 2015. Science Advances.
2017;3(3):e1601545. DOI: 10.1126/
sciadv.1601545

[6] Church JA, White NJ, Konikow LF,
Domingues CM, Cogley JG, RignotE,
et al. Revisiting the Earth’s sea-level
and energy budgets from 1961 to

143

2008. Geophysical Research Letters.
2011;38(18):L18601. DOI:
10.1029/2011GL048794

(7] Fahey DW, Doherty S, Hibbard KA,
Romanou A, Taylor PC. Physical drivers
of climate change. Climate science
special report: Fourth national climate
assessment, Vol. I. In: Wuebbles DJ,
Fahey DW, Hibbard KA, Dokken D],
Stewart BC, Maycock TK, editors.

U.S. Global Change Research Program.
Washington, DC, USA; 2017. pp. 73-113.
DOI: 10.7930/J0513WCR

[8] Wuebbles DJ, Easterling DR,

Hayhoe K, Knutson T, Kopp RE,

Kossin JP, et al. Our globally changing
climate. Climate science special report:
Fourth National Climate Assessment,
volume I. In: Wuebbles DJ, Fahey DW,
Hibbard KA, Dokken DJ, Stewart BC,
Maycock TK, editors. U.S. Global
Change Research Program. Washington,
DC, USA; 2017. pp. 35-72. DOI: 10.7930/
JO8S4N35

[9] Anderson BT, Knight JR, Ringer MA,
Yoon J-H, Cherchi A. Testing for the
possible influence of unknown climate
forcings upon global temperature
increases from 1950 to 2000. Journal of
Climate. 2012;25(20):7163-7172. DOL:
10.1175/jcli-d-11-00645.1

[10] Bhatia KT, Vecchi GA, Knutson TR,
et al. Recent increases in tropical
cyclone intensification rates. Nature
Communications. 2019;10:635. DOI:
10.1038/s41467-019-08471-z

[11] Hayhoe K, Wuebbles DJ,

Easterling DR, Fahey DW, Doherty S,
Kossin J, et al. Our changing climate.
Impacts, risks, and adaptation in

the United States: Fourth national
climate assessment, volume

II. In: Reidmiller DR, Avery CW,
Easterling DR, Kunkel KE, Lewis KLM,
Maycock TK, Stewart BC, editors.

U.S. Global Change Research Program.



Current Topics in Tropical Cyclone Research

“FOURTH NATIONAL CLIMATE
ASSESSMENT Volume II: Impacts,
Risks, and Adaptation in the United
States” 2018. Retrieved: 7 September
2019

[12] Emanuel KA. Increasing
destructiveness of tropical cyclones
over the past 30 years. Nature.
2005;436:686-688

[13] Elsner JB, Kossin JP, Jagger YH.
The increasing intensity of the
strongest tropical cyclones. Nature.
2008;455:92-95

[14] Holland G, Bruyere CL. Recent
intense hurricane response to global
climate change. Climate Dynamics.
2014;42:617-627

(15] Hoyos CD, Agudelo PA, Webster PJ,
Curry JA. Deconvolution of the factors
contributing to the increase in

global hurricane intensity. Science.
2006;312:94-97

[16] Kossin JP, Olander TL, Knapp KR.
Trend analysis with a new global record
of tropical cyclone intensity. Journal of
Climate. 2013;26:9960-9976

[17] Wang C, Wang X, Weisberg RH,
Black ML. Variability of tropical
cyclone rapid intensification in the
North Atlantic and its relationship with
climate variations. Climate Dynamics.
2017;49:3627-3645

[18] Balaguru K, Foltz GR, Leung LR.
Increasing magnitude of hurricane
rapid intensification in the central and

eastern tropical Atlantic. Geophysical
Research Letters. 2018;45:4238-4247

[19] Mei W, Xie SP. Intensification of
landfalling typhoons over the Northwest
Pacific since the late 1970s. Nature
Geoscience. 2016;9:753-757

[20] Emanuel KA. Thermodynamic
control of hurricane intensity. Nature.
1999;401:665

144

[21] Knutson T, Camargo SJ, JCL C,
Emanuel K, Ho C-H, Kossin J, et al.
Tropical cyclones and climate change
assessment: Part II. Projected response
to anthropogenic warming. Bulletin of
the American Meteorological Society.
2019. DOI: 10.1175/BAMS-D-18-0194.1.
BAMS-D-18-0194.1

[22] Christensen JH, Krishna Kumar K,
Aldrian E, An S-I, Cavalcanti IFA, de
Castro M, et al. Climate phenomena
and their relevance for future regional
climate change. In: Stocker TF, Qin D,
Plattner G-K, Tignor M, Allen SK,
BoschungJ, et al., editors. Climate
Change 2013: The Physical Science
Basis. Contribution of Working Group
I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate
Change. Cambridge, United Kingdom,
New York, NY, USA: Cambridge
University Press; 2013. 1535 pp

[23] Knutson TR, McBride JL, Chan J,
Emanuel K, Holland G, Landsea C, et al.
Tropical cyclones and climate change.
Nature Geoscience. 2010;3:157-163.
DOI: 10.1038/ngeo0779

[24] IPCC. In: Stocker TF, Qin D,
Plattner G-K, Tignor M, et al., editors.
Climate Change 2013: The Physical
Science Basis. Contribution of Working
Group I to the Fifth Assessment Report
of the Intergovernmental Panel on
Climate Change. Cambridge, United
Kingdom and New York, NY, USA:
Cambridge University Press; 2013.

1535 pp

[25] Walsh KJE, Camargo SJ,

Vecchi GA, Daloz AS, Elsner J,
Emanuel K, et al. Hurricanes and
climate: The U.S. CLIVAR working
group on hurricanes. Bulletin of the

American Meteorological Society.
2015;96:997-1017

[26] Matthew RA, Sanders BF,
Aghakouchak A, Salvadori G,
Moftakhari HR. Compounding effects



Climate Models Accumulated Cyclone Energy Analysis

DOI: http://dx.doi.org/10.5772/intechopen.91268

of sea level rise and fluvial flooding.
Proceedings of the National Academy of
Sciences. 2017;114(37):9785-9790. DOIL:
10.1073/pnas. 1620325114

[27] Eyring V, Bony S, Meehl GA,
Senior CA, Stevens B, Stouffer RJ,

et al. Overview of the coupled model
Intercomparison project phase 6
(CMIP6) experimental design and
organization. Geoscientific Model
Development. 2016;9:1937-1958. DOL:
10.5194/gmd-9-1937-2016

[28] Bell GD et al. Climate assessment
for 1999. Bulletin of the American
Meteorological Society. 2000;81:51-S50

[29] Separating the ACE Hurricane Index
into Number, Intensity, and Duration by
Carl Drews [Internet]. 2007. Available
from: https://acomstaff.acom.ucar.edu/
drews/hurricane/SeparatingThe ACE.
html [Accessed: 13 October 2019]

[30] Lin Y, Zhao M, Zhang M. Tropical
cyclone rainfall area controlled by
relative sea surface temperature. Nature
Communications. 2015;6:6591. DOI:
10.1038/ncomms7591

[31] Emanuel K. Environmental
factors affecting tropical cyclone
power dissipation. Journal of Climate.
2007;20:5497-5509

[32] Wright DB, Knutson TR,

Smith JA. Regional climate model
projections of rainfall from U.S.
landfalling tropical cyclones. Climate
Dynamics. 2015;45(11-12):3365-3379.
DOI: 10.1007/s00382-015-2544-y

[33] Knutson TR, Sirutis JJ, Zhao M.
Global projections of intense tropical
cyclone activity for the late twenty-first
century from dynamical downscaling
of CMIP5/RCP4.5 scenarios. Journal of
Climate. 2015;28(18):7203-7224. DOL:
10.1175/JCLI-D-15-0129.1

[34] Tropical Cyclone Climatology
[Internet]. 2017. Available from: https://

145

www.nhc.noaa.gov/climo/ [Accessed:
20 November 2019]

[35] Avila LA, Pasch R]. Atlantic tropical
systems of 1993. Monthly Weather
Review. 1995;123(3):887-896. DOL:
10.1175/1520-0493

[36] Landsea CW. A climatology

of intense (or major) Atlantic
hurricanes. Monthly Weather
Review. 1993;121(6):1703-1713. DOL:
10.1175/1520-0493

(371 Dowdy AJ, Qi L, Jones D, Ramsay H,
Fawcett R, Kuleshov Y. Tropical cyclone
climatology of the South Pacific

Ocean and its relationship to El Nifio-
Southern oscillation. Journal of Climate.
2012;25(18):6108-6122. DOI: 10.1175/
JCLI-D-11-00647.1

[38] Pascoe C, Lawrence BN,

Guilyardi E, Juckes M, Taylor KE.
Designing and documenting
experiments in CMIP6. Geoscientific
Model Development Discussions. 2019.
https://doi.org/10.5194/gmd-2019-98

[39] Riahi K, van Vuuren DP,
Kriegler E, Edmonds J, O’Neill BC,
Fujimori S, et al. The shared
socioeconomic pathways and their
energy, land use, and greenhouse gas
emissions implications: An overview.
Global Environmental Change.
2017;42:153-168. DOI: https://doi.
org/10.1016/j.gloenvcha.2016.05.009

[40] O’Neill BC, Tebaldi C, van

Vuuren DP, Eyring V, Friedlingstein P,
Hurtt G, et al. The scenario model
Intercomparison project (ScenarioMIP)
for CMIP6. Geoscientific Model
Development. 2016;9:3461-3482. DOLI:
10.5194/gmd-9-3461-2016

[41] Uppala S et al. The ERA-40
re-analysis. Quarterly Journal of
the Royal Meteorological Society.
2005;131:2961-3012. DOI: 10.1256/
qj.04.176



Current Topics in Tropical Cyclone Research

[42] Kanamitsu M, Ebisuzaki W,
Woollen ], Yang S-K, Hnilo JJ, Fiorino M,
et al. NCEP-DOE AMIP-II Reanalysis
(R-2). Bulletin of the American
Meteorological Society. 2002:1631-1643

[43] CMIP6 Guidance for Data Users
[Internet]. 2019. Available from:
https://pcmdi.llnl.gov/CMIP6/Guide/
dataUsers.html [Accessed: 20 November
2019]

[44] Voldoire A, Saint-Martin D, Sénési S,
Decharme B, Alias A, Chevallier M,

etal. Evaluation of CMIP6 DECK
experiments with CNRM-CM6-1.
Journal of Advances in Modeling Earth
Systems. 2019;11:2177-2213. https://doi.
org/10.1029/2019MS001683

[45] Séférian R, Nabat P, Michou M,
Saint-Martin D, Voldoire A, Colin J,

et al. Evaluation of CNRM earth-system
model, CNRM-ESM2-1: Role of

earth system processes in present-

day and future climate. Journal of
Advances in Modeling Earth Systems.
2019;11:4182-4227. https://doi.
org/10.1029/2019MS001791

[46] IPSL Climate Modelling Centre
[Internet]. 2019. Available from: https://
cmc.ipsl.fr/ipsl-climate-models/
ipsl-cm6/ [Accessed: 11 November 2019]

[47] Mauritsen T et al. MPI-ESM:
Developments in the MPI-M earth
system model version 1.2 (MPI-ESM1.2)
and its response to increasing CO,.
Journal of Advances in Modeling

Earth Systems. 2019;11:998-1038. DOI:
10.1029/2018MS001400

[48] IPCC. Summary for policymakers.
In: Masson-Delmotte V, Zhai P, Portner
H-O, Roberts D, Skea J, Shukla PR, et al.,
editors. Global Warming of 1.5°C. An
IPCC Special Report on the Impacts of
Global Warming of 1.5°C above Pre-
industrial Levels and Related Global
Greenhouse Gas Emission Pathways, in
the Context of Strengthening the Global
Response to the Threat of Climate

146

Change, Sustainable Development, and
Efforts to Eradicate Poverty. Geneva,
Switzerland: World Meteorological
Organization; 2018. 32 pp






Edited by Anthony Lupo

This book highlights some of the most recent research in the climatological behavior of
tropical cyclones as well as the dynamics, predictability, and character of these storms
as derived using remote sensing techniques. Also included in this book is a review of
the interaction between tropical cyclones and coastal ocean dynamics in the Northwest
Pacific and an evaluation of the performance of CMIP6 models in replicating the current
climate using accumulated cyclone energy. The latter demonstrates how the climate may
change in the future. This book can be a useful resource for those studying the character
of these storms, especially those with the goal of anticipating their future occurrence in
both the short and climatological range and their associated hazards.

978-1-83969-116-

Published in London, UK
© 2020 IntechOpen

T
R IntechOpen 9“781839 691 164”



	Current Topics in Tropical Cyclone Research
	Contents
	Preface
	Section 1
Climatological Behavior
	Chapter1
The Interannual and Interdecadal Variability inTropical Cyclone Activity: A Decade of Changes in the Climatological Character

	Section 2
Tropical Cyclone Dynamics
	Chapter2
Impacts of Tropical Cyclones in the Northern Atlantic on Adverse Phenomena Formation in Northeastern Brazil
	Chapter3
A Recurrence Analysis of Multiple African EasterlyWaves during Summer 2006
	Chapter4
Response of the Coastal Ocean toTropical Cyclones
	Chapter5
The Use of a Spiral Band Model to EstimateTropical Cyclone Intensity

	Section 3
Remote Sensing and Modeling
	Chapter6
NASA Global Satellite and Model Data Products and Services forTropical Cyclone Research
	Chapter7
Climate Models Accumulated Cyclone Energy Analysis


