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Preface

This book aims to offer a collective and systematic overview of the recent prac-
tices in fluvial geomorphology, involving contributions from diverse disciplinary
expertise and geographic regions, thereby providing guidance to scientists in allied
fields to address questions, and to decision makers for application in managing
natural rivers.

This book has been organized into seven chapters—an introductory chapter by the
editors and six main chapters by other contributors. Chapter 1 provides a review of
the current practice in fluvial geomorphology: research frontiers, issues, and chal-
lenges. Chapter 2 concerns simulation-based experimental study to investigate local 
scour around circular bridge piers with non-uniform bed materials under different
open channel ice cover conditions. The work can supplement rigorous field-based 
assessment of local scour development around bridge pillars particularly in cold 
regions. Chapter 3 primarily deals with a depth-averaged computational model 
(CCHE2) to simulate sediment transport and channel migration processes with par-
ticular reference to Choshui—a mountain river in Taiwan. The work complements
field validation-based assessment of bank erosion and channel migration processes. 
Chapter 4 reviews the approach of the preferable use of geospatial technology, 
particularly DEM (Digital Elevation Models) for measuring drainage basin mor-
phometry. Scholarly works, particularly a review of the methodological outspring 
especially regarding drainage basin morphometric analysis, have wider recognition. 
Chapter 5 concerns fluvial sensitivity to oil spills with particular reference to the
Amazon region rivers where the authors have generated fluvial oil spill sensitivity
index maps contemplating the regional hydrological regime, using computational 
modeling to represent fluctuations in the seasonal inundation. The approach
concerning risk analysis using linguistic rules for the construction of a risk matrix is
also methodical and useful for the global scientific community. The Chapter 6
is a fundamental work and largely concerns the meandering fractals in water
resources management. The approach concerning the use of fractal geometry, chaos
theory, etc. for explaining river meanders could refine their enduring assessment. 
The final Chapter 7 deals with the effect of evapotranspiration in the estimation
of monthly stream flows for data sparse environment with particular reference
to Portugal based on two widely used approaches namely, the Penman-Monteith
method the Thornthwaite method. The work can supplement to water balance
study particularly, to estimate monthly flows for un-gauged catchments.

In addition to the aforementioned topics, the application of remote sensing and 
geographic information systems, field data on natural rivers, use of analytical tools, 
case studies, scientific models, etc. in appraising fluvial landscape will definitely
provide insight and enhance understanding of the subject matter. Rather than volu-
minous information, this book incorporates a selected number of relevant works to
meet the theoretical as well as applied objectives. 

Obviously, the book could have been organized in different ways. Many more
articles could have been included, and maybe a few contributions may look a little
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mismatched, but in view of the multidisciplinary roots of fluvial geomorphology 
the present edited volume will hopefully contribute to the current practice of fluvial 
geomorphology.

Krishna Gopal Ghosh
Faculty of Natural and Mathematical Sciences,

Department of Geography,
Presidency University,

West Bengal,
India

Sutapa Mukhopadhyay 
Department of Geography,

Visva-Bharati University,
West Bengal,

India

Chapter 1

Introductory Chapter: Current
Practice in Fluvial
Geomorphology: Research
Frontiers, Issues and Challenges
Krishna Gopal Ghosh and Sutapa Mukhopadhyay

1. Current research direction/inclination in Fluvial Geomorphology

Over the last one and half century, the prime interest area of fluvial geomorphol-
ogy has meandered from global system and local process [1]. Returning to the disci-
pline’s critical role in regional-to-local scale problem solving [2], fluvial
geomorphology has experienced awesome progress in understanding of the trends
and patterns of riverine landscape dynamics [3, 4]. However, it is necessary to
understand the current research interests of the fluvial geomorphologists amid the
global challenges. In this direction, all regular research articles allied to fluvial geo-
morphology in one of the leading geomorphological journals, Geomorphology (ISSN:
0169-555X), are scrutinized for 2018. Among all the 329 regular articles published in
24 volumes (300–323) during 2018, 112 (34%) are within the discipline of fluvial
geomorphology. Afterward, the subject matters of the selected articles are grouped
into 10 broad themes (Table 1 and Figure 1). As this review work considers one
single globally recognized journal and takes a single year as sample therefore, the
result may not necessarily highlight all the current research progresses but obviously
could detect the directions in which the subject is developing/inclining.

While going through the title and abstracts of the 112 sampled research papers,
we have grouped them quite readily into 10 broad themes (Figure 1) which are
addressed further in turn by the focal words (Table 1). The theme ‘Fluvial sediment
environment’ had the greatest number of papers counting 25 (22%); 20 (18%) fall
within ‘Holocene Fluvial Chronology (Historical Channel change, Stratigraphy,
Paleo Hydrology)’, 18 (16%) in ‘Modelling fluvial environment and application of
advanced techniques’, and 11 (10%) in ‘Anthropogenic Controls’. ‘Fluvial mor-
phology (Processes and forms)’ and ‘fluvial hydraulics’ include 7 (6%) articles each,
while 6 (5%) fall under ‘(Neo)tectonics’, and ‘Gully and hill slope erosion’. Apart
from these, 5 articles (4%) addressed Riverine ecology and 7 (6%) fall within ‘cross-
cutting fields’ (i.e. fluvial geomorphology in association with other branches of
geomorphology). It is interesting to note that there is no article pertaining to ‘river
management and restoration’ which is one of the focal themes in present research
frontiers of fluvial geomorphology [5].

In consideration of the popular remark ‘Geomorphology is largely an intellectual
child of the Twentieth Century’ [6], the review results show that fluvial geomor-
phology is continuously refocusing on process and forms and thereby making
interface with other disciplines like sedimentology. Moreover, much of the research
articles we have revisited for the present assessment are basically geomorphological

1
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but did not inevitably come within fluvial geomorphology largely due to the open-
ing out of techniques and wider interest of the contemporary practitioners of other
fields toward riverine landscape. Therefore, although fluvial research, including the
cross-cutting fields, comprised 34% of the current geomorphological research, in
the upcoming days via technical advances (modeling and GIS) and data acquisition
(e.g. remote sensing), the discipline will serve to initiate new arena of research
which will be more interdisciplinary. Optimistically, the discipline fluvial geomor-
phology is going through renaissance in quest of elucidating the genesis, dynamicity
and diversity of fluvial landscape [7].

2. Current research frontiers, issues and challenges ahead

2.1 Contemporary research questions in Fluvial Geomorphology

At the very beginning of the twenty-first century, fluvial geomorphology has
emerged as a new arena of research in multiple dimensions. In this direction, the
National Research Council (NRC) [8] has addressed nine obvious confronts in Earth
surface process discourse:

• What does our planet’s past tell us about its future?

• How do geopatterns on Earth’s surface arise and what do they tell us about
processes?

Figure 1.
Number of research articles pertaining to 10 broad themes derived from examining 24 volumes of the journal
Geomorphology in 2018. Note: Th 1,Th2… indicates the broad themes as mentioned in Table 1.
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• How do landscapes influence and record climate and tectonics?

• How does the biogeochemical reactor of the Earth’s surface respond to and
shape landscapes from local to global scales?

• What are the transport laws that govern the evolution of the Earth’s surface?

• How do ecosystems and landscapes coevolve?

• What controls landscape resilience to change?

• How will Earth’s surface evolve in the ‘anthropocene’?

• How can Earth surface science contribute toward a sustainable Earth surface?

These key research questions may be taken effectively by the Earth scientists for
further research.

2.2 Current research frontiers in Fluvial Geomorphology

In view of the aforementioned challenges in contemporary Earth surface process
discourse, NRC [8] has focused on four major research frontiers, relevant for fluvial
geomorphology:

• Interacting landscapes and climate

• Quantitative reconstruction of landscape dynamics across time scales

• The convolution of ecosystems and landscapes

• The future of landscapes in the ‘anthropocene’

2.3 Reading a fluvial landscape: issues and concerns

Reading of a fluvial landscape could proceed through four consequent steps [9, 10]:

• Step 1: Identification and interpretations of fluvial landscapes and their
process-form relations that resolve the respective process regime

• Step 2: Assessment of the assemblage of riverine landscape elements at the
reach scale

• Step 3: Explanations of the controls at the reach scale and understanding of
their adjustment with time

• Step 4: Integrated understanding of the catchment scale control on channel
processes (at the reach scale)

Indeed, comprehensive appraisal of a fluvial landscape requires understanding
of the landscape form, function and evolution [11]. However, instead of viewing the
regional landscape (area/polygonal approach) as a whole, reference site (i.e. place/
location) based studies (location/point approach) are in practice these days [12].
This often results misleading outcomes [13]. Another threat in contemporary
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research direction is that high-resolution, real-time large remote sensing datasets
pertaining to riverine landscape emphasize mastery over techniques and drafts-
manship rather than enriching critical interpretation skills. This leads to the
question—‘What is it we are training geomorphologists to do?’ [14] ‘Should we
value quantitative applications over and above anything else in landscape analysis?’
[15, 16]. Therefore, in view of the multidisciplinary roots of fluvial geomorphology
[17], there is a need to understand the conjectural principles of the geomorpholog-
ical dynamics of river systems apart from skill development to process and contex-
tualize remotely sensed observation.

3. Epilogue

The current advances in the arena of fluvial geomorphology in association with
other Earth system science disciplines are broadly as a result of the contemporary
advances in data acquisition and modeling techniques particularly due to the pro-
gress in geophysical data acquisition tools, computer programming, geoinformatics,
numerical modeling, computational fluid dynamics, numerical dating, laboratory
experimentation, etc. With these aids obviously the future prospect of fluvial geo-
morphology is very promising. However, there is a need to refocus on the funda-
mental scientific issues concerning landscape dynamicity and diversity over time
and space. Amid the global challenges like climate change and anthropogenic inter-
vention to the natural systems, the emphasis could be laid upon understanding the
consequent changes in fluvial systems. Moreover, there is a need to address man-
agement and restoration issues with the aim to manage the decaying fluvial
environment.
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Chapter 2

Experimental Study of Local Scour
around Side-by-Side Bridge Piers
under Ice-Covered Flow
Conditions
Mohammad Reza Namaee, Jueyi Sui and Peng Wu

Abstract

A precise prediction of maximum scour depth (MSD) around piers under ice-
covered conditions is crucial for the safe design of the bridge foundation. Due to the
lack of information for local scour under ice-covered flow condition, it is extremely
hard to give proper estimation of MSD. In the current study, a set of flume experi-
ments were completed to investigate local scour around four pairs of circular bridge
piers with nonuniform bed materials under open channel, smooth and rough ice
cover conditions. Three different bed materials with median particle size of 0.47,
0.50, and 0.58 mm were used to simulate natural river conditions. Regardless of pier
size, the maximum scour depths were observed in front of the piers under all flow
conditions. Additionally, a smaller pier size and a larger space between piers yield a
smaller scour depth. Results showed that the maximum scour depth decreases with
increase in the grain size of armor layer. The distribution of vertical velocity shows
that the strength of downfall velocity is the greatest under rough ice cover. Empirical
equations were developed to estimate the maximum scour depth around side-by-side
bridge piers under both open-channel and ice-covered flow conditions.

Keywords: ice cover, local scour, nonuniform sand, bridge piers,
maximum scour depth

1. Introduction

1.1 Water and sediment motion around hydraulic structures

The flow of water with sediment content is important for hydraulic engineers
involved with water supply and flood control projects. Considered as a two-phase
flow, water and sediment motion is described as an energy-coupled process,
resulting in erosion and scour, suspension, transport, advection, dispersion, and
deposition of sediment [1]. Mechanics of sediment transport is important for the
design of hydraulic structures in the following aspects:

• General scour of an alluvial river

• Local scour at a hydraulic structure, such as at bridge piers and abutments
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A precise prediction of maximum scour depth (MSD) around piers under ice-
covered conditions is crucial for the safe design of the bridge foundation. Due to the
lack of information for local scour under ice-covered flow condition, it is extremely
hard to give proper estimation of MSD. In the current study, a set of flume experi-
ments were completed to investigate local scour around four pairs of circular bridge
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cover conditions. Three different bed materials with median particle size of 0.47,
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smaller scour depth. Results showed that the maximum scour depth decreases with
increase in the grain size of armor layer. The distribution of vertical velocity shows
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equations were developed to estimate the maximum scour depth around side-by-side
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1. Introduction

1.1 Water and sediment motion around hydraulic structures

The flow of water with sediment content is important for hydraulic engineers
involved with water supply and flood control projects. Considered as a two-phase
flow, water and sediment motion is described as an energy-coupled process,
resulting in erosion and scour, suspension, transport, advection, dispersion, and
deposition of sediment [1]. Mechanics of sediment transport is important for the
design of hydraulic structures in the following aspects:

• General scour of an alluvial river

• Local scour at a hydraulic structure, such as at bridge piers and abutments
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• Deposition of sediment in flow zones where the existing sediment
concentration exceeds the sediment transport capacity of the stream

Generally speaking, alluvial riverbeds are likely to experience continuous
changes over time. In one case, flowing water erodes, moves, and gradually collects
sediment in the river, modifying its bed elevation and slightly changing its bound-
aries. Changes in bed elevation could be resulted from either natural process (gen-
eral scour) or human activities which lead to alteration of the riverbed or river
geometry [2]. Placement of bridge piers inside the river is one of the most common
engineering practices in which the bridge pier is in direct contact with the flowing
water. The main issue associated with the interaction of flowing water and the
bridge pier is the scouring process which occurs around the bridge piers and is
known as local scour. Depending on the intensity of approaching flow for sediment
transport, local scour process around bridge piers is classified as either clear-water
scour or live-bed scour. Clear-water scour occurs when there is no movement of the
bed material from the upstream flow, while live-bed scour occurs when the scour
hole is consistently supplied with sediments by the upstream flow [3]. Due to local
scour, the flow pattern around the pile foundation will be changed, which ulti-
mately leads to the creation of horseshoe vortex in front of the pier, the wake vortex
behind the pier, and the contraction of streamlines at the side edges of the pile [4].
The horseshoe vortex is created by the flow of water separating at the upstream face
of the bridge pier where the initial scour hole has developed. Wake vortices develop
behind a bridge pier and disturb the downstream flow pattern [5]. These vortices
are the main causes of local scour creation, and they lead to an intensification in the
local sediment transport capacity and the expansion of local scour around the pile
foundation or currents in marine environment. Due to local scour, the insertion
depth of the pile reduces as the scour depth around the pile grows, which is directly
associated with the stability of pile foundation. The deeper the depth of local scour
around the pile, the more vulnerable pile foundation becomes which leads to bridge
collapse in the most extreme case [4]. Therefore, it is commonly accepted that local
scour is one of the main causes of pile foundation failure in marine environments.
Briand and Hunt [6] declared that 1502 bridges failed due to bridge scour in the
United States between 1966 and 2005. Wardhana and Hadipriono [7] also did their
research on 500 cases of bridge structure collapse in the United States between 1989
and 2000 and specified that the most common reason for bridge collapse was scour
and floods. Therefore, estimation and identification of variations in bed level in the
vicinity of bridge piers are crucial for their safe design. The development of local
scour hole around bridge piers is jointly associated with the characteristics of flow
pattern near the bed and around the pier. The characteristics of flow pattern around
the vertical circular piers are clearly fully three-dimensional (3D) and complex. The
tremendous complexity of three-dimensional flow field around a pier is attributed
to separation and generation of multiple vortices. It is even more aggravated
because of the dynamic interaction between the flow and the movable bed
throughout the development of a scour hole (see [8]).

1.2 The impact of ice cover on the maximum scour depth (MSD)

The precise prediction of scour patterns around bridge piers depends on
recognition of the flow field and the mechanism of sediment transport in and out
of the scour hole [9]. Turbulence and the induced secondary flow field around
the bridge element have been studied comprehensively in the last decades both
experimentally (e.g., [5, 10, 11]) and numerically (e.g., [12, 13]). Many hydraulic
researchers have done experiments to investigate the local scour around bridge
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piers and developed empirical equations to estimate the maximum scour depth
[5, 14–18]. However, most of them were focused on local scour around singular
bridge piers, while multiple pile bridge piers have become more common in
recent years in bridge design for geotechnical and economic reasons. These types
of pier can significantly reduce construction costs with a higher efficiency [19],
though the nature of the scour development in the vicinity of bridge pier
groups is more complex than single bridge pier case. Hannah declared that the
maximum scour depth around side-by-side piers is approximately 50% more
than that around a single pier if the pier spacing ratio is 0.25 [20]. Salim and Jones
[21] observed that the scour depth decreases as the spacing between the piles
increases.

The most extreme cases of local scour around bridge piers occur in cold regions
where the surface of flow is covered by ice. The influence of ice cover on a channel
involves in complex interactions among the ice cover, fluid flow, and channel
geometry. This complex interaction can have a dramatic effect on the sediment
transport process [22]. The ice cover presence increases the complexity of hydraulic
processes in rivers and sometimes extremely influences river characteristics such as
hydrodynamics and morphology [23]. When ice floes move discretely and freely
(e.g., in the case of low surface concentrations of ice pans during freeze-up), the ice
resistance effect is slight, and water levels do not modify greatly [24]. In practice,
ice cover appears quite often in rivers in the cold regions during the winter. The
presence of an ice cover increases the wetted perimeter by adding an additional
boundary to the water surface. Under ice-covered flow conditions, the flow is
highly sensitive to the friction parameter [25]. The existing number of research on
local scour around bridge pier under ice-covered rivers is very limited, due to the
difficulties in obtaining field data from ice-covered rivers. Ackermann et al. [26]
did a laboratory investigation on the effect of ice cover on local scour around
circular bridge piers. The results showed that for equivalent averaged flow veloci-
ties, the existence of an ice cover could increase the local scour depth by 25–35%
from the free surface condition. Bacuta and Dargahi [27] carried out laboratory tests
in a flume with a simulated ice cover for clear-water conditions. They found that
the extent of scour is larger for ice-covered flows. Wu et al. [28] studied the effect
of relative bed coarseness, flow shallowness, and pier Froude number on local scour
around a bridge pier and reported that the scour depth under covered conditions is
larger than that under open-channel flow conditions.

Objectives: The first objective of this study is to investigate the impact of bridge
spacing on the maximum scour depths around multiple bridge piers under open-
channel and ice-covered flow conditions.

1.3 The velocity distribution under ice-covered flow conditions

The appearance of an ice cover in river changes the velocity profile [29]. Under
ice-covered flow condition, the upper portion of the flow is mainly affected by the
ice cover resistance, while the lower portion of flow is primarily influenced by the
channel bed resistance [29]. The maximum flow velocity under ice cover is located
somewhere between the channel bed and ice cover depending on the ratio of the ice
resistance coefficient to the bed resistance coefficient [30]. According to Wang
et al. [24], it is expected that as the ice resistance increases, the maximum flow
velocity will move closer to the channel bed. In terms of transverse flow distribu-
tions and velocities of secondary currents, ice cover can impact flows in an existing
thalweg, altering the position of the thalweg and changing the morphology of the
stream which in an extreme case will lead to bank and bed erosion [31]. Due to the
difficulty of making velocity measurements under ice-covered conditions, nearly all
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the studies regarding velocity distribution around bridge piers have been carried
out using open-channel flow conditions. The number of studies on the flow field
around both bridge abutments and bridge pier under ice-covered condition is very
limited. Zabilansky et al. [32] performed a series of flume experiments under
smooth and rough ice cover conditions and found that the maximum velocity for
rough ice cover was 20% greater than for smooth ice cover. This statement was
confirmed by Muste et al. [33] who found that the measured maximum velocity
under smooth cover is located roughly at 0.8y0, while maximum velocity under
rough cover is approximately located at 0.6y0, where y0 represents the approaching
flow depth. Figure 1 illustrates the impact of ice cover around the bridge foundation
of the Confederation Bridge located in Prince Edward Island in 2015.

Objective: The second objective of this study is to investigate the velocity distri-
bution under ice-covered flow conditions and discuss on their difference with that
of the open-channel flow conditions to gain a better understanding of the flow field
and velocity distribution around bridge piers under different flow covers.

1.4 The incipient motion of sediment particles under ice-covered flow
condition

One of the main features of the local scour phenomenon which helps river
engineers to have a better perception of the deformation of riverbed is the ability to
predict the incipient motion of bed material. Furthermore, the development of an
armor layer in the scour hole around bridge piers is associated with incipient motion
of sediment particles. Bed armoring process typically occurs in streams with
nonuniform bed materials. This phenomenon occurs mainly due to selective erosion
process in which the bed shear stress of finer sediment particles exceeds the associ-
ated critical shear stress for movement. Consequently, finer sediment particles are
transported and leave coarser grains behind. Through this process, the coarser
grains get more exposed to the flow, while the remaining finer grains get hidden
among larger ones [34]. Armor layer is also partially due to the reduced exposure of
the flow with those sediments inside the scour hole zone [29]. For the same bed
sediments, Dey and Raikar [35] found that the scour depth around bridge piers with
an armor layer is less than that without armor layer. Froehlich [36] stated that the
thickness of the natural armor layer is up to one to three times the particle grain
size of armor layer. Raudkivi and Ettema [37] found that due to the local flow
structure around a pier, local scour may either develop through the armor layer and
into the finer, more erodible sediment, or it may trigger a more extensive localized
type of scour caused by the erosion of the armor layer itself. Sui et al. [29] studied
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clear-water scour around semielliptical abutments with armored beds. The results
showed that for any bed material having the same grain size, with the increase in
the particle size of armor layer, scour depth will decrease.

The determination of the critical condition for incipient motion of sediment and
the sediment transport rate are highly crucial. To study the incipient motion of
sediment particle, the Shields diagram [38] is widely accepted. It is a graph of
boundary shear stress nondimensionalized by the submerged specific weight and
the mean size of the sediment particle which is called the Shields parameter, Shields
criterion, Shields number, or dimensionless shear stress (τc*) against the boundary
Reynolds number (Re*). According to Shields [38], the critical conditions in which
sediment is on the verge of becoming entrained can be determined by relating the
critical Shields value (τc*) and the shear Reynolds number (Re*). The boundary
shear Reynolds number is defined as follows:

Re ∗ ¼ U ∗Di

ν
(1)

where Di is the grain size diameter, ν is the kinetic viscosity of fluid, and U* is
shear velocity.

In this study, since the applied bed materials are composed of nonuniform
natural sediment, the particle grain size is not constant. Therefore, the median grain
size of nonuniform sand (D50) is used to represent the particle size for calculating
the critical shear Reynolds number. The shear velocity (U*) in Eq. (1) can be
determined as follows:

U ∗ ¼ ffiffiffiffiffiffiffiffi
gRS

p
(2)

where S is the channel slope, R is the hydraulic radius, and g is the gravitational
acceleration. The dimensionless shear stress is used to calculate the initiation of
sediment motion in a fluid flow. The critical dimensionless shear stress (τc*) is
defined as follows:

τ ∗c ¼ ρU ∗ 2
c

ρs � ρð ÞgD50
¼ τ

ρs � ρð ÞgD50
(3)

in which ρs and ρ are the mass density of sediment and water, respectively, and
U ∗

c is the critical shear velocity (U ∗
c ) that initializes the motion of the particles. In

general, the theoretical prediction of the critical condition for incipient motion is
based on a force or momentum balance between the destabilizing hydrodynamic
drag (FD) and lift forces (FL) against the resisting gravitational (W) and frictional
forces (FR). Sediment particle will be moved if the applied forces overcome the
resistance force. At the threshold of movement, the applied forces are just in
balance with the resisting force. In other words, a sediment particle is at a state of
incipient motion when the following conditions have been satisfied:

FD ¼ FR sin α

W ¼ FL þ FR cos α
(4)

in which α is the scour angle. The submergedweight of the particle can be given by

W ¼ πd3

6
ρs � ρð Þg (5)
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clear-water scour around semielliptical abutments with armored beds. The results
showed that for any bed material having the same grain size, with the increase in
the particle size of armor layer, scour depth will decrease.

The determination of the critical condition for incipient motion of sediment and
the sediment transport rate are highly crucial. To study the incipient motion of
sediment particle, the Shields diagram [38] is widely accepted. It is a graph of
boundary shear stress nondimensionalized by the submerged specific weight and
the mean size of the sediment particle which is called the Shields parameter, Shields
criterion, Shields number, or dimensionless shear stress (τc*) against the boundary
Reynolds number (Re*). According to Shields [38], the critical conditions in which
sediment is on the verge of becoming entrained can be determined by relating the
critical Shields value (τc*) and the shear Reynolds number (Re*). The boundary
shear Reynolds number is defined as follows:
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where ρ and ρs are the density of water and sediment, respectively, and d is the
sediment size in the armor layer. Apart from geometric details such as bed slope,
particle exposure, and pocket geometry, accurate prediction of incipient motion
requires precise knowledge of the hydrodynamic drag (FD) and lift forces (FL)
acting on the particle. By using Yang’s criteria [39] for incipient motion, the drag
force can be expressed as

FD ¼ CD
πd2

4
ρ

2
V2

s (6)

where CD is the drag coefficient at velocity Vs and Vs is the local velocity at a
distance “s” above the bed. The lift force acting on the particle can be obtained as

FL ¼ CL
πd2

4
ρ

2
V2

s (7)

where CL is the lift coefficient at velocity Vs. Meyer-Peter and Müller [40]
proposed the following equation to calculate the sediment size in the armor layer:

d ¼ SH

K1 n=D1=6
90

� �3=2 (8)

in which d is the size of sediment in the armor layer, S is the slope of the channel,
H is the depth of mean flow, K1 is the constant number equal to 0.058 when H is in
m, D90 is the bed material size where 90% of the material is finer, and n is the
roughness of the channel bottom or Manning’s roughness. To calculate the critical
bed shear velocity in Eq. (3), Eq. (9) which is developed based on the “law of wall
method” can be used. The law of wall method was originally proposed by Von
Kármán [41] and supposed that the velocity profile in the lower portion of an open
channel flow has a logarithmic distribution [42]:

Uc
∗ ¼ uk

Ln z=z0ð Þ (9)

in which u is the average cross-sectional flow velocity, k is the Von Kármán’s
constant which is supposed to be 0.4, z represents the distance from channel bed
which is supposed to be depth of water, and z0 is the roughness height which is
supposed to beD50 of the sediment particles. Due to the presence of U ∗

c in both axes
of the Shields diagram, Madsen and Grant [43] introduced a new variable rather
than the shear Reynolds number in the horizontal axis of the Shields diagram which
is called the sediment-fluid parameter (S*). The sediment-fluid parameter (S*) can
be calculated from the following equation:

S ∗ ¼ D50

4υ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SG� 1ð ÞgD50

q
(10)

in which SG represents the specific weight of sediment.
The transportation process of uniform sediment has been broadly studied, and

the mechanism of sediment transport has been well discussed [44]. However, the
existing knowledge for estimating the nonuniform sediment transport is still lim-
ited. Moreover, results of laboratory experiments using uniform sediment is not an
appropriate representative of natural river systems since bed materials in natural
riverbeds are nonuniform and composed of sediment particles with different grain
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sizes. During the movement process of nonuniform sediment, the coarse grains are
easier to be entrained than the same particle size of uniform sediment, because they
have higher probabilities to be exposed to the flow. On the other hand, a finer grain
tends to be hidden beneath the coarse grains. One of the earliest researches regard-
ing the calculation of the bed load transport rate in a nonuniform riverbed was done
by Einstein [45]. In his proposed bed-load function, he used a comprehensive
hiding factor to represent the interaction effects between the coarse particles and
the fine particles. Ever since, several researchers have developed formulae to deter-
mine the incipient motion of nonuniform sediment mixtures [46, 47]. For instance,
Xu et al. [47] studied the incipient velocity of nonuniform sediment. As pointed out
by Xu et al. [47], the incipient velocity for the coarse particles of the nonuniform
sediment is less than that for same particle size of uniform sediment, and the
incipient velocity for the finer particles of the nonuniform sediment is greater than
that for the same particle size of uniform sediment (Figure 2).

The number of studies on the incipient motion of sediment particles is even
more limited under ice-covered flow conditions. Since ice cover imposes an addi-
tional solid boundary on the flow, the incipient motion of sediment under ice-
covered flow condition is different from that under open-channel flow condition.
Wang et al. [24] studied the impacts of flow velocity and water depth on the
incipient motion of bed material under ice-covered condition. It was found that the
deeper the flow depth under ice cover, the higher the flow velocity needed for the
incipient motion of bed material.

Objective: The third objective of this study is to investigate the features of incip-
ient motion of three nonuniform sediments under ice-covered conditions and to
identify the effects of flow roughness caused by ice cover on the incipient motion of
nonuniform sediment based on a series of large-scale flume experiments.

2. Experimental setup and measurement

Experiments were conducted in a large-scale flume at the Quesnel River
Research Centre at the University of Northern British Columbia. The flume was
38.2 m long, 2 m wide, and 1.3 m deep. To generate a higher velocity in the long
flume, the relative slope of 0.2% was used. Figure 3 shows a plan view and a side
view of the experimental flume. A holding tank with a volume of 90 m3 was located
in the upstream to maintain a constant flow rate during experimental runs. Three
valves were connected to create different velocities. At the end of the flume, water

Figure 2.
Plan view and side view of the experimental flume.
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can be recirculated back into the holding tank. Two sandboxes were constructed
with a depth of 0.30 m. The distance between the two sandboxes was 10.2 m to
avoid potential disturbance. The first and the second sand box were 5.6 and 5.8 m in
length, respectively. In each sand box, a pair of bridge piers was positioned in the
middle of the sand box. In the present experiments, three types of nonuniform
sediments with median grain sizes of 0.50, 0.47, and 0.58 mm were used. Figure 4
shows the sediment distribution curve of the three existing sediments. This selec-
tion of sediments was based upon the fact that the masonry (D50 = 0.47 mm),
concrete (D50 = 0.58 mm), and bedding sand (D50 = 0.50 mm) were the three most
common sands in the surrounding areas [48]. Four pairs of cylindrical bridge piers
with diameters of 60, 90, 110, and 170 mm were used as shown in Figure 5. Each
pier was offset from the centerline by 0.25 m. The bridge pier spacing ranges from
1.94 to 7.33 relative to D. The level of water surface was maintained by the down-
stream tailgate. A SonTek two-dimensional (2D) Flow Meter was mounted in front

Figure 3.
The spacing ratio and measuring points around the circular bridge piers.

Figure 4.
Distribution curves of the three nonuniform sediments.
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of the first sand box to measure water flow depth and water flow velocity. Besides,
the level of water depth was manually rechecked by a staff gauge which was placed
in the middle of each sand box. The three-dimensional scour hole velocity fields
were measured using a 10-MHz acoustic Doppler velocimeter (ADV). The ADV is
an instrument used to measure three-dimensional (3D) flow velocity with high
precision. It is applicable to different aspects of environmental issues [49]. In order
to simulate the conditions of flow under ice cover, floatable styrofoam panels were
used, and they had covered the entire surface of the flume. In the present study,
two types of ice cover were used, namely, smooth cover and rough cover. The
smooth cover was just the smooth surface of the original Styrofoam panels without
any modification, while the rough cover was made by attaching small Styrofoam
cubes with dimensions of 250 � 25 � 25 mm to the bottom of the smooth cover. The
styrofoam cubes were spaced 35 mm apart, and they were attached to the smooth
cover by toothpicks. Hains et al. [50] declared that fixed rough ice covers lead to the
highest local scour in the vicinity of bridge piers compared to those of floating
covers and smoother ice, because the rigid ice cover moves the maximum velocity
to be closer to the bed. In total, 108 experiments (36 experiments for each sediment
type) were done for each sediment type of those 12 experiments which were done
under different flow covers (open-channel, smooth-covered, and rough-covered
conditions). In terms of measuring the development of the scour holes over the
course of time, scour around bridge piers was meticulously recorded hourly for any
variation in the scour depths. It was observed that after about a period of 6 h, scour
hole reached to the equilibrium state and no significant changes were observed in
scour depth. However, the running experimental time for the present experiments
was 24 h to be compatible with the experimental results of Wu et al. [51].

After 24 h, the flume was gradually drained off, and the scour and deposition
pattern around the piers were recorded. The outside perimeter of each bridge pier
was labeled and divided into equal sections to accurately draw scour hole contours.
The measurement of the scour hole was subject to an error of �0.3 mm.

Figure 5.
(a) Variation of scour depth around the 9-cm piers for D50 = 0.50 mm type under open-channel, smooth-
covered, and rough-covered flow conditions. (b) Scour and deposition patterns at the pier face of the 9-cm piers
under open-channel, smooth-covered, and rough-covered flow conditions (D50 = 0.50 mm).
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of the first sand box to measure water flow depth and water flow velocity. Besides,
the level of water depth was manually rechecked by a staff gauge which was placed
in the middle of each sand box. The three-dimensional scour hole velocity fields
were measured using a 10-MHz acoustic Doppler velocimeter (ADV). The ADV is
an instrument used to measure three-dimensional (3D) flow velocity with high
precision. It is applicable to different aspects of environmental issues [49]. In order
to simulate the conditions of flow under ice cover, floatable styrofoam panels were
used, and they had covered the entire surface of the flume. In the present study,
two types of ice cover were used, namely, smooth cover and rough cover. The
smooth cover was just the smooth surface of the original Styrofoam panels without
any modification, while the rough cover was made by attaching small Styrofoam
cubes with dimensions of 250 � 25 � 25 mm to the bottom of the smooth cover. The
styrofoam cubes were spaced 35 mm apart, and they were attached to the smooth
cover by toothpicks. Hains et al. [50] declared that fixed rough ice covers lead to the
highest local scour in the vicinity of bridge piers compared to those of floating
covers and smoother ice, because the rigid ice cover moves the maximum velocity
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scour depth. However, the running experimental time for the present experiments
was 24 h to be compatible with the experimental results of Wu et al. [51].

After 24 h, the flume was gradually drained off, and the scour and deposition
pattern around the piers were recorded. The outside perimeter of each bridge pier
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As far as the kinematic and dynamic similarity are concerned, the Froude num-
ber (Fr), which is a measure of the ratio of the inertia force to gravity force, is
considered for this type of similitude [53]. In the present study, types of flow for all
the experimental runs were turbulent (Reb > 4000) and subcritical (Fr < 1) which is
the most common case in majority of the rivers.

One of the issues associated with settlement of bridge pier is blockage which
reduced the flow cross section. Of note, the blockage refers to the impact of the side
walls of a test section on the local scour depth. Chiew [54] declared that if the ratio
of pier size to channel width is less than 10% (D/W < 10%), the sidewalls will have
no substantial influence on flow characteristics and the scour profile accordingly.
Significant sidewall effects in terms of scour happening near to the sidewall are
available in the research done by Sheppard et al. [55] in which the blockage
ratio is 15%.

In the present study, the ratio of pier size to channel width (D/W) ranges from 6
to 17%. The 170-mm pier whose blockage ratio exceeds 15% was located in the
second sand box to minimize the impact of the blockage ratio. As suggested by
Ettema [56], when D/D50 < 25, individual grains are relatively large compared to
the scour hole, and entrainment of sediment particles is hindered because the
porous bed dissipates some of the energy of the downflow. Ettema [56], Breusers
and Raudkivi [57] confirmed that, when D/D50 > 25, the particle size does not affect
the relative scour depth. However, Yanmaz [58] declared that the particle size does
not affect the relative scour depth when D/D50 > 50. In the present study, the ratio
ofD/D50 falls between 206.9 and 723.4 to avoid any impact fromD/D50 (the relative
pier size) on scour depth.

3. Results and analysis

3.1 Scour patterns and deposition patterns

Figure 5a shows scour depths around the 90-mm piers, and Figure 5b shows the
scour and deposition patterns at the pier face for the 90-mm piers under different
boundary conditions for D50 = 0.50 mm. The results show that the maximum scour
depths occurred at the upstream, front face of the bridge piers, regardless of the
roughness of ice cover and the grain size of sediment. Under ice-covered flow
conditions, the strength of this downflow jet is increased. The eroded sand particles
are moved by the joint action of accelerating flow and the horseshoe vortex [52].
Melville and Coleman [59] declared that the wake vortex system which develops
behind the pier carries the sediment to the downstream side of the pier. However,
wake vortices are not as sturdy as the horseshoe vortices and, consequently, are not
capable of carrying the same amount of sediment load as of the horseshoe vortex. As
a result, sediment deposition ridge develops downstream of piers in the shape of a
deposition mound, as clearly shown in Figure 5b. The scour pattern around the 110-
mm bridge pier under the highest flow discharge viewed from the top for
D50 = 0.47 mm was mapped into Surfer 13 plotting software (Golden Software,
1999) as shown in Figure 6a-c for open, smooth, and rough flow cover, respec-
tively. According to Figure 6, the deepest location of scour depth around the pier is
clearly at the face of bridge pier, and the location of deposition ridge is downstream
of the pier which is densest and most widely spread for the rough ice-covered flow
condition. The same pattern was observed for the other bridge piers regardless of
sediment type and bridge pier diameter. It was experimentally noted by Qadar [60]
that the maximum value of scour depth should certainly be a function of the initial
vortex strength. Therefore, the deepest scour depth, which is the result of a stronger
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vortex, should occur under the highest approach velocity and rougher ice cover type
as observed in these experiments.

It is obvious that the maximum scour depth and maximum deposition height
under the rough-covered flow are visibly greater than that of the open-channel
flow. The scour depth contours show that the horseshoe vortex, which is the main
cause for the local scour, must have happened nearer to the channel bed which
resulted in a greater scour depth under the rough ice-covered flow conditions. The
results also show that more sediment deposition develops at the downstream side of
bridge piers under the rough ice-covered flow conditions and the deposition mound
is more widespread than those under open-channel flow (Figure 6). The reason
might be attributable to the velocity distribution variations and larger strength of
the horseshoe vortex adjacent to the bed surface under ice-covered conditions.
Regardless of sediment type and pier size, similar scour/deposition forms have been
observed for other bridge piers. The elevation of the deposition mound downstream

Figure 6.
(a) Scour pattern around the 110-mm bridge pier for D50 = 0.470 mm type under open for the highest flow
discharge. (b) Scour pattern around the 110-mm bridge pier for D50 = 0.470 mm type under smooth for the
highest flow discharge. (c) Scour patterns around the 110-mm bridge pier for D50 = 0.470 mm type under
rough for the highest flow discharge.
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of the bridge piers rests on the depth of the scour hole upstream of the bridge pier
along with the interaction between horseshoe vortices and wake vortices. The
results specify that higher values of velocity of approaching flow under rough-
covered flow conditions result in larger deposition mound at the downstream of the
bridge pier.

3.2 Effect of pier spacing distance on the scour patterns

Figure 7 shows the ratio of pier spacing distance to pier diameter (G/D, termed
as bridge pier spacing ratio) against the ratio of the maximum scour depth to the
depth of approaching flow (ymax/y0, termed as relativeMSD) for D50 = 0.50 mm. In
Figure 7, G/D ranges from 3.54 to 7.33, and the Froude number ranges from 0.072
to 0.270. In the present study, due to the longitudinal slope of the bed channel and
the dissipation of momentum of the flow attributable to friction, the Froude num-
ber in the first sand box was higher than that in the second sand box. In the first
sand box, either the 110-mm-diameter piers or the 90-mm-diameter piers were
placed, and in the second sand box, either the 170-mm-diameter piers or the
60-mm-diameter piers were positioned. According to Figure 7, the relative MSD
declines with increase in G/D. Further, for the same bridge pier spacing ratio (G/D)
and for the same sediment, the relative MSD under the rough-covered flow reaches
the highest, and the relativeMSD under open-channel flow conditions is the lowest.
Figure 8 displays the variations of the pier Reynold number (Reb) with the pier
spacing ratio (G/D) for D50 = 0.50 mm. The pier Reynolds number is defined as
follows:

Reb ¼ UD
ν

(11)

where U is the average velocity of the approaching flow, ν is the kinematic
viscosity, and D is the diameter of the bridge pier. The pier Reynold number (Reb)
declines with increases in G/D as shown in Figure 8. Hopkins et al. [61] specified
that the strength of the horseshoe vortex is a function of the pier Reynolds number

Figure 7.
Relative MSD (ymax/y0) against pier spacing (G/D) under open-channel, smooth-covered, and rough-covered
flow conditions (D50 = 0.50 mm).
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(Reb). Hence, it can be determined that the strength of horseshoe vortices, which is
a function of Reb, declines with increase in the pier spacing ratio. So, the larger the
pier spacing (G), the smaller the pier size (D) and the weaker the horseshoe vortices
around bridge piers, which results in shallower scour depths around the bridge
piers. Based on Figure 8, under the same flow velocity and flow depth, the lowest
pier Reynolds number (Reb) happened under the open-channel flow conditions, and
the maximum pier Reynolds number (Reb) happened under rough ice-covered flow
condition. Though with an increase in the pier spacing ratio, the pier Reynolds
number under rough ice-covered flow conditions moves nearer to bed than those of
the smooth-covered and open-channel flow conditions, indicating that the impact
of ice cover on pier Reynolds number lessens as the pier spacing distance rises.

3.3 Velocity profile under ice cover

Scour hole velocity profiles were measured for approaching flow depths ranging
from 0.18 to 0.28 m. For shallow flow depths (less than 0.10 m), scour hole velocity
measurements were unable to carry out due to limitations of the ADV in shallow
water. Since the ADV measuring volume is located 0.10 m from the probe head, the
velocity profile does not fully cover up to the water surface. In order to gain an
entire velocity profile, it is recommended to use Sontek’s 16 MHz micro ADV whose
flow volume is measured 0.05 m from the probe head. Of note, since the ADV
functions on the principal of a Doppler shift, the velocity values very close to the
bed are representative of both sediment and water mixture velocities. Even though
clear-water scour was achieved, it is impossible to achieve water velocity, only
measurements within 10 mm of the bed. This was also noted by Muste et al. [33].
Velocity measurements were performed 1 h before the end of the experimental run,
at which the scour hole was fully developed and stabilized based on the visual
observation. Of note, the rate of change of scouring around the bridge pier was too
small as it gets closer to the equilibrium scour depth (24 h). The ADV measures
velocity in x, y, and z directions. Therefore, the streamwise velocity component
(Ux) is the component of scour hole velocity in the direction of the flow, the
spanwise velocity component (Uy) is the component of scour hole velocity in the
lateral direction, and the velocity component (Uz) is the component of scour hole

Figure 8.
Variation of pier spacing (G/D) with respect to pier Reynolds number (Reb).
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pier Reynolds number (Reb) happened under the open-channel flow conditions, and
the maximum pier Reynolds number (Reb) happened under rough ice-covered flow
condition. Though with an increase in the pier spacing ratio, the pier Reynolds
number under rough ice-covered flow conditions moves nearer to bed than those of
the smooth-covered and open-channel flow conditions, indicating that the impact
of ice cover on pier Reynolds number lessens as the pier spacing distance rises.
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Scour hole velocity profiles were measured for approaching flow depths ranging
from 0.18 to 0.28 m. For shallow flow depths (less than 0.10 m), scour hole velocity
measurements were unable to carry out due to limitations of the ADV in shallow
water. Since the ADV measuring volume is located 0.10 m from the probe head, the
velocity profile does not fully cover up to the water surface. In order to gain an
entire velocity profile, it is recommended to use Sontek’s 16 MHz micro ADV whose
flow volume is measured 0.05 m from the probe head. Of note, since the ADV
functions on the principal of a Doppler shift, the velocity values very close to the
bed are representative of both sediment and water mixture velocities. Even though
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at which the scour hole was fully developed and stabilized based on the visual
observation. Of note, the rate of change of scouring around the bridge pier was too
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velocity in the vertical direction. Figure 9 illustrates a view of velocity measure-
ment by ADV under rough ice-covered flow conditions. Figure 10 shows just Ux

scour hole velocity component profile at the upstream face of the 60-mm pier for
D50 = 0.47 mm under both ice-covered and open-channel flow conditions for the
lowest discharge. Since the location of maximum flow velocity was important,
only Ux is shown in Figure 11. In order to be able to generalize the velocity profiles
and to compare different velocity profiles under different flow conditions, the
depth of flow on the vertical axis has been nondimensionalized by ratio of vertical
distance of the location of ADV measurement from bed (z) to the approaching
flow depth (y0). The streamwise scour hole velocity component (Ux) is also

Figure 9.
The ADV measurement around the bridge piers under rough ice-covered condition.

Figure 10.
Scour hole velocity profiles for the streamwise (Ux) velocity component under open, smooth, and rough ice cover
for 60-mm bridge pier under D50 = 0.47 mm for the lowest discharge.
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nondimensionalized divided by the approaching flow velocity (U). Of note, a
SonTek incorporated 2D Flow Meter was installed at the upstream of the first sand
box to measure flow velocities and water depth. Results showed that, for the
streamwise velocity, distribution is a reverse C-shaped profile which begins from
the scour hole up to the water surface. The same pattern was also reported by
Hirshfield [48]. In terms of velocity magnitude, the streamwise velocity in the scour
hole under rough-covered condition is generally greater than those under both
smooth-covered and open flow conditions. Regardless of the cover conditions of the
flow, the magnitude of velocity is the least in the scour hole. Also, the values of
the velocity component are mostly negative within the scour hole which is an
indication of the reversal flow happening due to the presence of the horseshoe
vortex which is strongest at the pier face. On the other hand, the location of the
maximum velocity is closer to the bed under rough-covered flow condition than
that under smooth-covered flow condition. This is in good agreement with the
findings of Wang et al. [24].

3.4 Shear stress analysis

3.4.1 Shear stress vs. sediment-fluid parameter for the incipient motion of sediment

To the authors’ knowledge, shear stress against sediment-fluid parameter for the
incipient motion of sediment under ice-covered flow conditions has not been stud-
ied before. This information will give a better insight to the hydraulic engineers in
terms of sediment incipient motion under ice-covered condition. In Figure 11 the
relationship between [S*(U/U*)] and the dimensionless shear stress (τ*) is given for
channel bed with three different sands with median grain sizes of D50 = 0.47, 0.50,
and 0.58 mm, respectively. Of note, U is the mean velocity of approaching flow
(m/s), U* is the shear velocity (m/s), and S* is the sediment-fluid parameter. For
each type of the sediment, the sediment-fluid parameter (S*) is unique, and with
the increase in [S*(U/U*)], the dimensionless shear stress increases correspond-
ingly. Also, for all three sands, the larger the [S*(U/U*)], the greater the dimen-
sionless shear stress for the incipient motion of bed material. For the same
[S*(U/U*)], the finer the sediment, the higher the dimensionless shear stress.

Figure 11.
Dimensionless shear stress (τ*) vs. S*(U/U*).
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3.4.2 Dimensionless shear stress (τ*) vs. shear Reynolds number (Re*) for the incipient
motion of sediment

The relationship between the dimensionless shear Reynolds number and the
dimensionless shear stress for the incipient motion of the coarsest sediment
(D50 = 0.58 mm) and that of the finest sediment (D50 = 0.47 mm) under both open
flow condition and rough ice-covered flow condition has been shown in Figure 12.
From Figure 12, the following observations can be noted:

1.With increase in the dimensionless shear Reynolds number, the dimensionless
shear stress increases correspondingly. For all three sands, the larger the
dimensionless shear Reynolds number, the greater the dimensionless shear
stress for the incipient motion of bed material. However, for the same
dimensionless shear stress, the finer sediment has a lower dimensionless shear
Reynolds number for the incipient motion of sediment particles.

2. In terms of the impacts of ice cover on the incipient motion of bed material, for
the same grain size of sediment, the rough ice cover requires an average lower
dimensionless shear stress which implies that the threshold of the
dimensionless shear stress for the incipient motion of bed material under rough
ice-covered flow condition is lower than that under open flow conditions.

Of note, Wang et al. [24] also studied dimensionless shear stress (τ*) against
shear Reynolds number (Re*) for the incipient motion of sediment under
ice-covered condition. Their result showed that for the same sediment grain size,
larger values of the shear Reynolds number lead to the larger values of the dimen-
sionless shear stress for incipient motion of bed material. It can also be said that, for
the same dimensionless shear stress, the finer sediment particles need a lower value
of shear Reynolds number for the incipient motion of sediment.

Figure 12.
Dimensionless shear stress (τ*) vs. shear Reynolds number (Re*) for the incipient motion of the finest sediment
(D50 = 0.47 mm) and the coarsest sediment (D50 = 0.58 mm) under open and rough ice-covered flow
conditions.
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4. Conclusion

In the current study, 108 experiments were done in a large-scale flume with
nonuniform sediment to investigate the local scour process, velocity distribution,
and incipient motion of sediment particles around four pairs of side-by-side cylin-
drical bridge piers under open-channel, smooth-covered, and rough-covered flow
conditions. The following conclusions can be drawn from the current study:

1. It is found that the presence of ice cover can result in a deeper maximum scour
depth than that under open flow condition.

2. The required flow velocity for incipient motion of sediment particles under
ice-covered conditions decreases with the increase in the relative roughness
coefficient of ice cover.

3. The pier Reynolds number (Reb) declines with the increase in the pier spacing
ratio (G/D), indicating that the strength of the horseshoe vortices reduces as
the spacing distance between the side-by-side piers rises. Further, under the
same flow velocity and flow depth, the highest pier Reynolds number (Reb)
happened under rough-covered flow conditions, and the lowest pier Reynolds
number (Reb) happened under open-channel flow conditions. Moreover,
regardless of flow cover, the impact of ice cover on pier Reynolds number
diminishes as the pier spacing distance increases. The relative MSD under
open-channel flow conditions is the lowest and maximizes under the rough-
covered flow condition for the same bridge pier spacing ratio (G/D) and for
the same sediment. This indicates that the effect of the pier spacing ratio under
the rough ice-covered flow condition is evidently strengthened compared to
those under both open-channel and smooth-covered flow conditions.

4.With the increase in the dimensionless shear Reynolds number, the
dimensionless shear stress increases correspondingly. For all three sands, the
larger the dimensionless shear Reynolds number, the greater the dimensionless
shear stress for the incipient motion of bed material. However, for the same
dimensionless shear stress, the finer sediment has a lower dimensionless shear
Reynolds number for the incipient motion of sediment particles.

5. In terms of the impacts of ice cover on the incipient motion of bed material, for
the same grain size of sediment, the rough ice cover requires an average lower
dimensionless shear stress which implies that the threshold of the
dimensionless shear stress for the incipient motion of bed material under rough
ice-covered flow condition is lower than that under open flow conditions.
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of shear Reynolds number for the incipient motion of sediment.

Figure 12.
Dimensionless shear stress (τ*) vs. shear Reynolds number (Re*) for the incipient motion of the finest sediment
(D50 = 0.47 mm) and the coarsest sediment (D50 = 0.58 mm) under open and rough ice-covered flow
conditions.
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4. Conclusion

In the current study, 108 experiments were done in a large-scale flume with
nonuniform sediment to investigate the local scour process, velocity distribution,
and incipient motion of sediment particles around four pairs of side-by-side cylin-
drical bridge piers under open-channel, smooth-covered, and rough-covered flow
conditions. The following conclusions can be drawn from the current study:

1. It is found that the presence of ice cover can result in a deeper maximum scour
depth than that under open flow condition.

2. The required flow velocity for incipient motion of sediment particles under
ice-covered conditions decreases with the increase in the relative roughness
coefficient of ice cover.

3. The pier Reynolds number (Reb) declines with the increase in the pier spacing
ratio (G/D), indicating that the strength of the horseshoe vortices reduces as
the spacing distance between the side-by-side piers rises. Further, under the
same flow velocity and flow depth, the highest pier Reynolds number (Reb)
happened under rough-covered flow conditions, and the lowest pier Reynolds
number (Reb) happened under open-channel flow conditions. Moreover,
regardless of flow cover, the impact of ice cover on pier Reynolds number
diminishes as the pier spacing distance increases. The relative MSD under
open-channel flow conditions is the lowest and maximizes under the rough-
covered flow condition for the same bridge pier spacing ratio (G/D) and for
the same sediment. This indicates that the effect of the pier spacing ratio under
the rough ice-covered flow condition is evidently strengthened compared to
those under both open-channel and smooth-covered flow conditions.

4.With the increase in the dimensionless shear Reynolds number, the
dimensionless shear stress increases correspondingly. For all three sands, the
larger the dimensionless shear Reynolds number, the greater the dimensionless
shear stress for the incipient motion of bed material. However, for the same
dimensionless shear stress, the finer sediment has a lower dimensionless shear
Reynolds number for the incipient motion of sediment particles.

5. In terms of the impacts of ice cover on the incipient motion of bed material, for
the same grain size of sediment, the rough ice cover requires an average lower
dimensionless shear stress which implies that the threshold of the
dimensionless shear stress for the incipient motion of bed material under rough
ice-covered flow condition is lower than that under open flow conditions.
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Chapter 3

Modeling River Morphodynamic
Process Using a Depth-Averaged
Computational Model and an
Application to a Mountain River
Yafei Jia, Yaoxin Zhang, Keh-Chia Yeh and Chung-Ta Liao

Abstract

Bank erosion is a dominant river morphodynamic process resulting in
encroaching valuable farming land and channel migration. Prediction of bank
erosion and channel migration requires understanding of the morphodynamics of
the entire river system. Numerical modeling is an ideal method for this task. How-
ever, models with full capabilities and applications on complex real-world problems
are rare. In this study the finite element-based computational model, CCHE2D, and
its flow, sediment transport, and bank erosion modules are introduced. The model
is capable of simulating unsteady flows with nonuniform sediment transport and
cohesive/non-cohesive material bank erosion. The effects of helical secondary
current on sediment transport induced by flow curvatures are reflected in both
bed load and suspended sediment formulations. This model is validated using
multiple sets of experimental data and applied to bank erosion problems of the
Chuoshui River, a real-world mountain river in Taiwan. Characterized by typhoon
floods, steep channel slopes, and high sediment load and mobility, this river often
exhibits a braided pattern consisting of multiple curved channels. Channel bed
change and bank erosion caused by 10 years of typhoon floods in a selected reach
have been simulated, and the computed bank erosion results agreed with the field
observation.

Keywords: sediment transport, bank erosion, channel migration,
numerical simulation, secondary currents, fluvial process

1. Introduction

Alluvial rivers often have lateral movements: meandering or channel migration.
The instability of the river channel flow tends to develop a curved channel pattern,
in which the flow is forced to follow the channel’s curvature; the centrifugal force
thus created pushes the flow toward the outer bank, and the associated supereleva-
tion of the water surface drives the flow near the bed back toward the inner bank.
The balance of these two forces creates a vertical recirculation, known as the helical
flow or secondary current, in a channel bend. The upper part of the helical flow
(near the water surface) is toward the outer bank, and the lower part (near bed) of

31



[56] Ettema R. Scour at bridge piers. In:
Report No. 216. New Zealand:
Department of Civil Engineering,
University of Auckland; 1980

[57] Breusers HNC, Raudkivi AJ.
Scouring, Hydraulic Structures Design
Manual, No. 2. I.A.H.R., Boca Raton,
Florida, United States: Balkema; 1991.
143 pp

[58] Yanmaz AM. Dynamic reliability in
bridge pier scouring. Turkish Journal of
Engineering and Environmental
Sciences. 2002;26(4):367-376

[59] Melville BW, Coleman SE. Bridge
Scour. Highlands Ranch, Colo, USA:
Water Resources Publications; 2000

[60] Qadar A. The vortex scour
mechanism at bridge piers. In:
Institution of Civil Engineers,
Proceedings, Pt2 (Vol. 71). September
1981

[61] Hopkins GR, Vance RW, Kasraie B.
Scour around bridge piers, FHWA-RD-
79-103. U.S. Department of
Transportation, Federal Highway
Administration, Offices of Research and
Development, Environmental Division;
Washington, D.C.: 1980

30

Current Practice in Fluvial Geomorphology - Dynamics and Diversity

Chapter 3

Modeling River Morphodynamic
Process Using a Depth-Averaged
Computational Model and an
Application to a Mountain River
Yafei Jia, Yaoxin Zhang, Keh-Chia Yeh and Chung-Ta Liao

Abstract

Bank erosion is a dominant river morphodynamic process resulting in
encroaching valuable farming land and channel migration. Prediction of bank
erosion and channel migration requires understanding of the morphodynamics of
the entire river system. Numerical modeling is an ideal method for this task. How-
ever, models with full capabilities and applications on complex real-world problems
are rare. In this study the finite element-based computational model, CCHE2D, and
its flow, sediment transport, and bank erosion modules are introduced. The model
is capable of simulating unsteady flows with nonuniform sediment transport and
cohesive/non-cohesive material bank erosion. The effects of helical secondary
current on sediment transport induced by flow curvatures are reflected in both
bed load and suspended sediment formulations. This model is validated using
multiple sets of experimental data and applied to bank erosion problems of the
Chuoshui River, a real-world mountain river in Taiwan. Characterized by typhoon
floods, steep channel slopes, and high sediment load and mobility, this river often
exhibits a braided pattern consisting of multiple curved channels. Channel bed
change and bank erosion caused by 10 years of typhoon floods in a selected reach
have been simulated, and the computed bank erosion results agreed with the field
observation.

Keywords: sediment transport, bank erosion, channel migration,
numerical simulation, secondary currents, fluvial process

1. Introduction

Alluvial rivers often have lateral movements: meandering or channel migration.
The instability of the river channel flow tends to develop a curved channel pattern,
in which the flow is forced to follow the channel’s curvature; the centrifugal force
thus created pushes the flow toward the outer bank, and the associated supereleva-
tion of the water surface drives the flow near the bed back toward the inner bank.
The balance of these two forces creates a vertical recirculation, known as the helical
flow or secondary current, in a channel bend. The upper part of the helical flow
(near the water surface) is toward the outer bank, and the lower part (near bed) of
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the flow is toward the inner bank. Sediment transport in a curved channel is
strongly affected by such a helical flow system. Since more sediment particles are
distributed near the bed in a vertical profile, the helical current distributes more
sediment load to the inner bank and less sediment to the outer bank. As a result,
erosion would occur along the outer bank and deposition along the inner bank.
Inevitably, a skewed channel cross section is developed in channel bends with a
lower bed near the outer bank and higher bed near the inner bank. In turn, more
and more flow would be distributed along the outer bank, causing erosion and
mechanic instability of the outer bank. The fundamental theory of the curved
channel fluid dynamics has been established by Rozovskii [31]. This meander
migration phenomenon had been observed in the field by Hickin and Nanson
[13, 14], Parker [28], Begin [2, 3], as well as in the laboratory by Friedkin [10] and
Chang et al. [4], among others. When multiple sub-channels coexist, in braided
rivers, each of the curved sub-channels would develop under the influence of the
same mechanism.

The transversal component of secondary flow velocity near the bed is always
toward the center of curvature, and it deviates from the longitudinal direction of
the total velocity near the bed. Empirical functions to describe the transversal
component of secondary flow velocity have been formulated based on experimental
data [7, 9, 22]. To simulate bank erosion, additional processes have to be considered.
The bank erosion process is generally more complicated and has two categories
([38, 39]): basal erosion and geotechnical bank failure. The former (also called toe
erosion) is caused by shear stress of the flow constantly eroding the base of the
channel bank. When the basal erosion takes too much material away from the toe, a
bank soil mechanic failure will take place. Basal erosion is a general process for both
cohesive and non-cohesive banks.

Because river morphodynamics involves multiple processes such as turbulent
flow, channel bed change, bank erosion, and sediment transport, numerical models
can be used to handle most of the processes and associated parameters effectively.
With the rapid development of computer technology and facilities, bank erosion
has been studied with numerical simulations. Struiksma et al. [36], Shimizu and
Ikekura [32], Jin and Steffler [18], Jia and Wang [19], and Wu and Wang [43] have
developed the depth-averaged 2D models that considered the effect of helical flow.
Finnie et al. [8] added the secondary flow effect to a depth-averaged model by
solving a transport equation for stream-wise vorticity. Lien et al. [23] included the
dispersion stresses due to integration into a depth-integrated model. Fang et al. [8]
considered the influence of the helical current-induced vertical velocity on
suspended sediment distribution and improved the calculation results. Simon et al.
[33] proposed a sophisticated bank stability and toe erosion model, which consid-
ered wedge-shaped bank failure with several distinct bank material layers and
irregular bank geometry. Their model is able to incorporate root reinforcement and
surcharge effects of six vegetation species, including willows, grasses, and large
trees, and can simulate saturated and unsaturated soil strength considering the
effect of pore water pressure. Abdul-Kadir and Ariffin [1] summarized bank erosion
capabilities of 25 numerical models including 1D, 2D, and 3D methods. Most models
can simulate either cohesive or non-cohesive banks, a few is capable of layered
banks, and no attempt has been found for heterogeneous banks.

Recently more influential factors are included in numerical models for better
predictions. Xiao et al. [44] and Gholami and Khaleghi [11] studied bank erosion
affected by instream vegetation. Rinaldi et al. [30] included groundwater effect. Lai
et al. [22] coupled a 2D hydrodynamic and sediment transport with a soil mechanic-
based and multilayered bank stability model of Simon et al. [33, 35]. The coupled
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model was tested using field data of Goodwin Creek in Mississippi with promising
results. Onda et al. [25] studied bank erosion process in a curved experimental
channel using a 2D depth-averaged model using non-equilibrium sediment trans-
port method. Waterman and Garcia [40] reported the development of a bank
erosion submodel for banks with two-layered soil structure: a cohesive upper layer
and non-cohesive lower layer. It was found bank slope was reduced by large flow
events and steepened with lower flows. Iwasaki et al. [17] studied morphodynamic
process of a densely vegetated meander river during a large flood event using a 2D
model. The bar formation in the river was found contributed strongly to meander
development and thus back erosion [12].

To simulate the channel migration process using a depth-averaged 2Dmodel, the
model should be capable of capturing the following mechanisms in addition to
general sediment transport: (1) the effect of the helical motion on the sediment
transport in meandering channels, (2) bank erosion including mass failure, and
(3) the moving boundary problem due to bank retreat. Nagata et al. [24], Duan
et al. [6], and Jia et al. [21] developed 2D channel meandering models that adopted
the moving grid technique.

In this paper, a bank erosionmodel is developed based on a general hydrodynamic
and sediment transport model, CCHE2D ([19, 20]). Bank surface erosion, basal
erosion, and mass failure are simulated based on the approaches of Osman and
Thorne [26, 27] and Hanson and Simon [14]. The secondary helical current effects on
suspended sediment and bed-load sediment transport have been considered. Since
this is a two-dimensional model, computational mesh has to be adjusted when the
bank boundaries move due to erosion. The processes of flow, sediment transport, bed
change, and bank erosion are simulated on a mesh at each time step. After the bank
lines have been moved by erosion, a new mesh conforming to the new bank lines is
created, and the flow field and bed topography are interpolated from the current
mesh to the new one. The computations of flow, sediment transport, bed change, and
bank erosion are then continued on the new mesh for the next time step. Numerical
tests using data of fixed bank experiments are conducted to validate the secondary
current effect. Bank erosion capabilities are tested using hypothetical cases, and the
model has been applied to a field case of Chuoshui River in Taiwan.

2. Materials and methods

2.1 Hydrodynamic, sediment transport model

CCHE2D is a depth-integrated 2D model for simulating free-surface turbulent
flows, sediment transport, and morphological change. This is a finite element-based
model of the collocation method using quadrilateral mesh ([19, 20]). The governing
equations solving the flow are two-dimensional depth-integrated Reynolds equa-
tions in the Cartesian coordinate system:
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∂t

þ u
∂u
∂x

þ v
∂u
∂y

¼ �g
∂η

∂x
þ 1
h

∂hτxx
∂x

þ ∂hτxy
∂y

� �
þ τηx � τbx

ρh
þ f Corv (1)

∂v
∂t

þ u
∂v
∂x

þ v
∂v
∂y

¼ �g
∂η

∂y
þ 1
h

∂hτyx
∂x

þ ∂hτyy
∂y

� �
þ τηy � τby

ρh
� f Coru (2)

where u and v are depth-integrated velocity components in x and y directions,
respectively; t is the time; g is the gravitational acceleration; η is the water surface
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the flow is toward the inner bank. Sediment transport in a curved channel is
strongly affected by such a helical flow system. Since more sediment particles are
distributed near the bed in a vertical profile, the helical current distributes more
sediment load to the inner bank and less sediment to the outer bank. As a result,
erosion would occur along the outer bank and deposition along the inner bank.
Inevitably, a skewed channel cross section is developed in channel bends with a
lower bed near the outer bank and higher bed near the inner bank. In turn, more
and more flow would be distributed along the outer bank, causing erosion and
mechanic instability of the outer bank. The fundamental theory of the curved
channel fluid dynamics has been established by Rozovskii [31]. This meander
migration phenomenon had been observed in the field by Hickin and Nanson
[13, 14], Parker [28], Begin [2, 3], as well as in the laboratory by Friedkin [10] and
Chang et al. [4], among others. When multiple sub-channels coexist, in braided
rivers, each of the curved sub-channels would develop under the influence of the
same mechanism.

The transversal component of secondary flow velocity near the bed is always
toward the center of curvature, and it deviates from the longitudinal direction of
the total velocity near the bed. Empirical functions to describe the transversal
component of secondary flow velocity have been formulated based on experimental
data [7, 9, 22]. To simulate bank erosion, additional processes have to be considered.
The bank erosion process is generally more complicated and has two categories
([38, 39]): basal erosion and geotechnical bank failure. The former (also called toe
erosion) is caused by shear stress of the flow constantly eroding the base of the
channel bank. When the basal erosion takes too much material away from the toe, a
bank soil mechanic failure will take place. Basal erosion is a general process for both
cohesive and non-cohesive banks.

Because river morphodynamics involves multiple processes such as turbulent
flow, channel bed change, bank erosion, and sediment transport, numerical models
can be used to handle most of the processes and associated parameters effectively.
With the rapid development of computer technology and facilities, bank erosion
has been studied with numerical simulations. Struiksma et al. [36], Shimizu and
Ikekura [32], Jin and Steffler [18], Jia and Wang [19], and Wu and Wang [43] have
developed the depth-averaged 2D models that considered the effect of helical flow.
Finnie et al. [8] added the secondary flow effect to a depth-averaged model by
solving a transport equation for stream-wise vorticity. Lien et al. [23] included the
dispersion stresses due to integration into a depth-integrated model. Fang et al. [8]
considered the influence of the helical current-induced vertical velocity on
suspended sediment distribution and improved the calculation results. Simon et al.
[33] proposed a sophisticated bank stability and toe erosion model, which consid-
ered wedge-shaped bank failure with several distinct bank material layers and
irregular bank geometry. Their model is able to incorporate root reinforcement and
surcharge effects of six vegetation species, including willows, grasses, and large
trees, and can simulate saturated and unsaturated soil strength considering the
effect of pore water pressure. Abdul-Kadir and Ariffin [1] summarized bank erosion
capabilities of 25 numerical models including 1D, 2D, and 3D methods. Most models
can simulate either cohesive or non-cohesive banks, a few is capable of layered
banks, and no attempt has been found for heterogeneous banks.

Recently more influential factors are included in numerical models for better
predictions. Xiao et al. [44] and Gholami and Khaleghi [11] studied bank erosion
affected by instream vegetation. Rinaldi et al. [30] included groundwater effect. Lai
et al. [22] coupled a 2D hydrodynamic and sediment transport with a soil mechanic-
based and multilayered bank stability model of Simon et al. [33, 35]. The coupled
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model was tested using field data of Goodwin Creek in Mississippi with promising
results. Onda et al. [25] studied bank erosion process in a curved experimental
channel using a 2D depth-averaged model using non-equilibrium sediment trans-
port method. Waterman and Garcia [40] reported the development of a bank
erosion submodel for banks with two-layered soil structure: a cohesive upper layer
and non-cohesive lower layer. It was found bank slope was reduced by large flow
events and steepened with lower flows. Iwasaki et al. [17] studied morphodynamic
process of a densely vegetated meander river during a large flood event using a 2D
model. The bar formation in the river was found contributed strongly to meander
development and thus back erosion [12].

To simulate the channel migration process using a depth-averaged 2Dmodel, the
model should be capable of capturing the following mechanisms in addition to
general sediment transport: (1) the effect of the helical motion on the sediment
transport in meandering channels, (2) bank erosion including mass failure, and
(3) the moving boundary problem due to bank retreat. Nagata et al. [24], Duan
et al. [6], and Jia et al. [21] developed 2D channel meandering models that adopted
the moving grid technique.

In this paper, a bank erosionmodel is developed based on a general hydrodynamic
and sediment transport model, CCHE2D ([19, 20]). Bank surface erosion, basal
erosion, and mass failure are simulated based on the approaches of Osman and
Thorne [26, 27] and Hanson and Simon [14]. The secondary helical current effects on
suspended sediment and bed-load sediment transport have been considered. Since
this is a two-dimensional model, computational mesh has to be adjusted when the
bank boundaries move due to erosion. The processes of flow, sediment transport, bed
change, and bank erosion are simulated on a mesh at each time step. After the bank
lines have been moved by erosion, a new mesh conforming to the new bank lines is
created, and the flow field and bed topography are interpolated from the current
mesh to the new one. The computations of flow, sediment transport, bed change, and
bank erosion are then continued on the new mesh for the next time step. Numerical
tests using data of fixed bank experiments are conducted to validate the secondary
current effect. Bank erosion capabilities are tested using hypothetical cases, and the
model has been applied to a field case of Chuoshui River in Taiwan.

2. Materials and methods

2.1 Hydrodynamic, sediment transport model

CCHE2D is a depth-integrated 2D model for simulating free-surface turbulent
flows, sediment transport, and morphological change. This is a finite element-based
model of the collocation method using quadrilateral mesh ([19, 20]). The governing
equations solving the flow are two-dimensional depth-integrated Reynolds equa-
tions in the Cartesian coordinate system:
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where u and v are depth-integrated velocity components in x and y directions,
respectively; t is the time; g is the gravitational acceleration; η is the water surface
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elevation; ρ is the density of water; h is the local water depth; f Cor is the Coriolis
parameter; τxx, τxy, τyx, and τyyare depth-integrated Reynolds stresses; and τηx, τηy,
τbx, and τby are shear stresses on the water surface and the bed. Free-surface
elevation of the flow is calculated by the depth-integrated continuity equation:
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¼ 0 (3)

Turbulence eddy viscosity is computed with the depth-integrated mixing length
eddy viscosity model:
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where u∗ is the shear velocity, κ = 0.41 is the Karman constant, and Cm ≈ 2.34375
is based on the vertical log distribution of flow velocity ([19]).

Nonuniform suspended and bed-load sediment transport can be simulated.
The depth-integrated convection-diffusion equation is solved for the suspended
sediment transport:
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where c is the depth-integrated sediment concentration. The diffusivity coeffi-
cient for suspended sediment εs ¼ νt=σc with the Schmidt number 0:5≤ σc ≤ 1. c* and
ωs are the sediment transport capacity and settling velocity, and α is a coefficient.
The source term Sr represents the dispersion due to the vertical distribution of flow
velocity and suspended sediment concentration. Bed load is computed with the
mass conservation equation:
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where cb and qb denote bed-load concentration and transport rate and “*”
denotes capacity. δ is the bed-load layer thickness. The subscripts “bx” and “by”
indicate the component of bed load in x and y directions. L is the adaptation length
of the bed load representing the non-equilibrium effect. Sbank represents sediment
input from bank erosion. Bed change is computed with the combined effect of
suspended and bed-load transport ([42]):
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Eqs. (7)–(9) are used for nonuniform sediment transport. The bed-load capacity
is computed with ([41]):
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where φbk ¼ qb ∗ k= pbk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γs=γ � 1ð Þgd3k

q� �
is a nondimensional bed-load transport

capacity, qb ∗ k is the equilibrium transport rate of the kth size class of bed load per
unit width (kg/m/s), pbk is the bed material gradation, n is the Manning’s roughness

coefficient for channel bed, n0 ¼ d1=650 =20 is the Manning’s coefficient corresponding
to the grain roughness, τb is the bed shear stress, τck is the critical shear stress

determined by τck ¼ 0:03 γs � γð Þdk phk=pek
� �0:6, and phk and pek are the hiding

and exposure probabilities for the kth size class of bed material, defined as
phk ¼ ∑N

j¼1pbjdj= dk þ dj
� �

and pek ¼ ∑N
j¼1 pbjdk= dk þ dj

� �
.

2.2. Secondary current effect

In curved open channels, the flow is forced to follow a curved path with a
variable radius of curvature (Figure 1a). On a bed with a transversal slope
(Figure 1b), the bed-load motion is different from that with a stream-wise slope
only. The path of a near-bed sediment particle is affected by main flow shear,
stream-wise slope, as well as by the gravity component on the transversal direction.
Van Bendegom’s formula ([37]) was applied to calculate the moving angle of the
sediment particle due to the bed slope:

tanϕ ¼
sin α� 1

G
∂ζ
∂y

cos α� 1
G

∂ζ
∂x

(11)

where

Figure 1.
Suspended load and bed-load motion affected by the secondary flow and the gravity. (a) Definition of
longitudinal and secondary current velocities. (b) Effect of transverse bed slope and secondary flow. (c) Effect of
secondary current on suspended sediment.
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elevation; ρ is the density of water; h is the local water depth; f Cor is the Coriolis
parameter; τxx, τxy, τyx, and τyyare depth-integrated Reynolds stresses; and τηx, τηy,
τbx, and τby are shear stresses on the water surface and the bed. Free-surface
elevation of the flow is calculated by the depth-integrated continuity equation:
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where u∗ is the shear velocity, κ = 0.41 is the Karman constant, and Cm ≈ 2.34375
is based on the vertical log distribution of flow velocity ([19]).

Nonuniform suspended and bed-load sediment transport can be simulated.
The depth-integrated convection-diffusion equation is solved for the suspended
sediment transport:
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where c is the depth-integrated sediment concentration. The diffusivity coeffi-
cient for suspended sediment εs ¼ νt=σc with the Schmidt number 0:5≤ σc ≤ 1. c* and
ωs are the sediment transport capacity and settling velocity, and α is a coefficient.
The source term Sr represents the dispersion due to the vertical distribution of flow
velocity and suspended sediment concentration. Bed load is computed with the
mass conservation equation:
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where cb and qb denote bed-load concentration and transport rate and “*”
denotes capacity. δ is the bed-load layer thickness. The subscripts “bx” and “by”
indicate the component of bed load in x and y directions. L is the adaptation length
of the bed load representing the non-equilibrium effect. Sbank represents sediment
input from bank erosion. Bed change is computed with the combined effect of
suspended and bed-load transport ([42]):
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coefficient for channel bed, n0 ¼ d1=650 =20 is the Manning’s coefficient corresponding
to the grain roughness, τb is the bed shear stress, τck is the critical shear stress
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� �0:6, and phk and pek are the hiding

and exposure probabilities for the kth size class of bed material, defined as
phk ¼ ∑N

j¼1pbjdj= dk þ dj
� �

and pek ¼ ∑N
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2.2. Secondary current effect

In curved open channels, the flow is forced to follow a curved path with a
variable radius of curvature (Figure 1a). On a bed with a transversal slope
(Figure 1b), the bed-load motion is different from that with a stream-wise slope
only. The path of a near-bed sediment particle is affected by main flow shear,
stream-wise slope, as well as by the gravity component on the transversal direction.
Van Bendegom’s formula ([37]) was applied to calculate the moving angle of the
sediment particle due to the bed slope:
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Figure 1.
Suspended load and bed-load motion affected by the secondary flow and the gravity. (a) Definition of
longitudinal and secondary current velocities. (b) Effect of transverse bed slope and secondary flow. (c) Effect of
secondary current on suspended sediment.
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G ¼ f θð Þ ¼ 1:7
ffiffiffi
θ

p
(12)

α is the angle between the flow direction and the x-axis of the Cartesian coordi-
nate system and θ is the Shields parameter:

θ ¼ u2∗
g ρs

ρ � 1
� �

d50
(13)

The expression of the G function and the coefficient was determined using
laboratory experimental data ([37]). When water flows along a curved channel with
varying curvatures, the secondary current occurs due to the centrifugal force
(Figure 1c). The secondary flow is toward the outer bank of a meander bend in the
upper portion of the flow depth and toward the inner bank in the lower portion of
the flow. It therefore contributes to moving the net sediment flux in the transversal
direction from the outer bank toward the inner bank of the channel systematically.
This action erodes the bed near outer bank and deposits on the bed near the inner
bank. The main flow is in turn affected by the updated bed topography and the
channel pattern. It is not possible to simulate the bed load and bed change in curved
channels without considering this process. However, because the depth-integrated
model has no direct information about the secondary current, empirical or semi-
analytical estimation of the secondary flow is used in order to better predict the
bed-load motion. The most significant parameter of this problem is the angle
between main flow and the near-bed shear stress direction. In the current model,
this angle is approximated by ([7])

tan δ ¼ 7
h
r

(14)

where r is the radius of curvature of the main flow. The error of this formula is
about 3% according to [7].

In natural rivers, r is not a given value because it may change with the local flow
conditions. In this study, r is computed using the local flow vector directions, the
nodal distance, and the mathematical definition: r ¼ ds=dθ. Figure 1b shows the
motion of a sediment particle on the bed with a side slope. The gravity pushes the
moving particle to move down the transversal slope β with an angle ϕ as estimated
by Eq. (11). In the curved channel, the secondary flow pushes the particle moving
against the transversal slope by an angle δ [Eq. (14)]. The sediment movement
direction computed under the flow and secondary current conditions will be used to
determine the bed-load direction in Eq. (8). Equilibrium shall be reached when
these two effects cancel each other, and the sediment particles move along the main
flow (longitudinal) direction (Figure 1a, b).

Similar to the bed-load sediment, the secondary flow effect for the suspended
sediment was also modeled by adding a source term taking into account the net
lateral motion of the suspended sediment (Figure 1c). Eq. (7) is a depth-integrated
model. In the processes of vertical integration, one has to either assume the vertical
variation of the variables is negligible or model the dispersion term to preserve the
effect of velocity and sediment profiles on sediment transport. In the second case, the
source (dispersion) term in this equation should be non-zero. Computing the disper-
sion term is, however, complicated, requiring the knowledge of the vertical velocity
and suspended sediment profiles. In this study, the vertical variation of the main flow
and secondary current is approximated with the power law and linear distribution in
the longitudinal (ℓ) and transverse (r) directions ([29]), respectively:
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The sediment concentration distribution is assumed to be the Rouse profile [29];
a simplified model for the difference of the concentration profile and an average
value has been given by ([16])
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where ηδ = 0.05 is the relative depth of δ. Eqs. (17)–(19) are employed for
computing the dispersion terms; Sr ¼ Dxx þDyy,
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numerically for the entire domain and applied in Eq. (7). lx, ly, rx, and ry are
direction vectors of Il and Ir, respectively. The integrals Il and Ir are sediment flux in
l and r directions; they are transformed in the x and y direction for computing the
source term.

2.3. Bank erosion model

A mass failure would likely occur if a stream bank is high and steep. The failed
bank material deposits near the bank toe and then is eroded away by the flow.
Depending on geometries and soil properties, river bank failure may have several
types: planar, rotational, cantilever, piping-type, and sapping-type ([5]). Planar and
rotational failures usually occur to homogeneous, non-layered banks; cantilever
failures likely happen to banks with a cohesive top layer and sand and gravel lower
layers, while piping- and sapping-type failures most likely occur to the heteroge-
neous banks where seepage is observed. Osman and Thorne ([26, 27]) analyzed
the planar and rotational failures and developed an analytical bank failure model
(Figure 2). The bank stability is determined by a factor of safety, defined as
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where Fr and Fd are the resisting and driving forces, respectively. When f s < 1, a
bank mass failure is expected to occur.

In Osman and Thorne’s model, a bank has an initial slope; after the first collapse
occurs, a new slope will be established. The bank will then keep this slope, and the
subsequent mass failures will not change the slope (parallel retreat). Considering
that river banks for any study have been experiencing bank failures for a long time,
the bank slope observed in the field is likely the bank mass failure slope. It is
therefore assumed that the bank failure slope, β, is a known value and only the
parallel retreat processes need to be simulated. Under this condition, the lateral
bank retreat distance with a constant bank slope is calculated by

BW ¼ H �H0

tan β
(25)

The critical ratio of the new and old bank height determined by
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will be used to test if a mass failure occurs: if the ratio of computed H and H0 is
higher than that from Eq. (26), a bank failure is computed. K is the tension crack
index: the ratio of observed tension crack depth to bank height. Usually, the failed
material deposits first near the bank toe and then is disaggregated and eroded away
by the flow. In the current approach, the failed bank material is considered as a
supply source to the bed load. Since the time step for the bank erosion is much
larger than that of the sediment transport, the source term representing this sedi-
ment supply from bank erosion is set uniform through the next bank erosion time
step. This supply will result in higher near-bank sediment concentration or bed
load. If the bank erosion is too fast, near-bank bed elevation would increase to slow
down the bank erosion. Cohesive material erosion is proportional to excessive shear

Figure 2.
Mode of bank mass failure (after Osman and Thorne, [26, 27]).
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stress and a coefficient which is also related to the critical shear stress. In Osman
and Thorne’s model [26, 27], the bank surface erosion rate, ε, was proportional to
the difference of the bed shear stress, τ, and the bank critical stress, τc, normalized
by the critical stress:

ε ¼ k
τ � τc
τc

(29)

where k is the bank erosion rate which is a function of the critical stress:

k ¼ 223� 10�4τce�0:13τc (30)

Field data of almost 200 sites ([15]) indicated that k can be expressed by another
function of critical shear stress:

k ¼ 0:1τ�0:5
c (31)

Following a bank failure and retreat event, the mesh lines representing the bank
boundaries need to be moved to an updated bank location resulting in a moving
boundary problem. Computational mesh should be stretched to widen the comput-
ing domain for the widened river. After a bank mesh line is moved, internal mesh
line adjustment will be necessary to redistribute the internal nodes in the updated
computational domain (widened channel). Once a mesh is stretched, the
discretization of the computational domain should be updated. This procedure is
called dynamic meshing. One has to recompute all the numerical parameters and
differential operators again every time a mesh stretching is performed. Interpola-
tion of the computational results from the previous mesh to the stretched new one is
required before recomputing the flow. Because bank erosion process is much slower
than the flow, sediment transport, and bed change, it can be computed with a much

Figure 3.
General model execution procedure. Bank erosion loop is computed less frequent.
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larger time than that for the flow and sediment. This strategy can save a lot of
computing time. Figure 3 briefly illustrates the corresponding computation
procedure.

3. Validation and application results of the model

3.1. Validation of bed morphological change and bank erosion models

The sediment transport and bed morphological change simulation model was
tested using physical model data. Four experiment test cases with a different chan-
nel geometry, curvature, flow condition, and sediment size distribution ([36]) were
simulated. The sediments of these three cases are uniform. Figure 4 shows the
computed final water depth of the case with a 180° bend and comparison of the
simulation to the measurement. Red and blue color indicates deep and shallow
water depth, respectively. Table 1 shows the parameters of the experimental flume
and flow. Channel plane geometry, slope, sediment size (in bed and from inlet)
distribution, and Manning’s n are needed to run the simulations; the flow rate and
water depth are used for the upstream and downstream boundary conditions.
Because the initial bed is horizontal and flat and the water depth almost constant,
the resulting water depth distribution indicated more erosion along the outer bank
and deposition along the inner bank. Although differing, the computed bed eleva-
tions along the channel agree reasonably well with the observation. The magnitude
of the predicted erosion and deposition in the channels agreed very well with the
measurement; the second water depth peak of the bed variation along the outer
bank has some difference from the observed.

A qualitative study of sediment transport in conjunction with the bank erosion
simulation is also presented (Figure 5). A river channel with the sine-generated
shape, constant bed roughness, channel width, and longitudinal slope was
generated for the simulation. The initial bed erosion simulation was performed with
fixed banks. The bank erosion simulation started after the bed erosion has been
performed for a while. When the bank erosion simulation is completed for one time
step, the mesh bank line and internal points are shifted and the model
re-discretized, and so on, as indicated in Figure 3.

The colors in Figure 5 indicate the flow velocity magnitude. One sees the phase
difference between the shape of the channel bends and the velocity distribution.
The highest flow velocity shifts downstream. In the process of bank erosion, the
outer bank line retreats gradually, and the main channel of this bend shifts

Figure 4.
Computed water depth and comparison of numerical results (curve) and experimental data (Case 4).
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accordingly; the cross-section form of the channel also changes particularly at the
beginning stage, and the water depth near the outer bank becomes larger, while that
near the inner bank becomes smaller. This change makes it possible to form a point
bar near the inner bank (Figure 5); then the point bar later becomes dry. Although
the distance of the two banks increases, the width of the wetted channel remained
approximately the same. Another feature of the simulated results is that when the
main channel moves toward the outer bank due to bank erosion, a small channel
near the inner bank is formed behind the point bar (Figure 5d, e). This probably is

Parameters Case 4 LFM flume

Discharge (m3/s) 0.17

Flume width (m) 1.7

Water depth (m) 0.2

Flow velocity (m/s) 0.5

Water surface slope (0/00) 1.8

Chezy coefficient (m1/2/s) 26.4

Manning coefficient (n) 0.0280

D50 (mm) 0.78

Sediment transport rate (m2/s) 13 x 10�6

Bend radius (m) 4.25

Bend length (m) 13.35

Table 1.
The conditions and parameters of the physical model.

Figure 5.
Simulated bank erosion and channel morphologic change using bank-full discharge (the color contour indicates
flow velocity magnitude).
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because the small channel shortcuts from one bend to the next, the local water
surface slope, and sediment transport capacity are relatively large. This phenome-
non appears also in some natural rivers ([21]).

3.2. Application of the bank erosion model to a field case in Chuoshui River

Chuoshui River is in the middle of the Taiwan inland which is located in the South
China Sea across the Taiwan Strait. Originated from the central mountains, the river
forms a large alluvial fan and then empties into the South China Sea. The channel
slope in the mountain area is very steep. The valley of the river is wide, and a typical
braided river pattern with multiple curved sub-channels can be observed from aerial
photos and satellite imagery. The study reach is situated at the connection part of the
mountain and the alluvial fan of the river. The channel slope is about 0.0069 for the
mountain part, and it reduces suddenly to about 0.0041 over the alluvial fan. The
hydrology is dominated by seasonal typhoon events and a large amount of sediments
from the mountain watershed. The characteristic of braided river varies downstream
somewhat, and the number of sub-channels decreases over the alluvial fan.

One should recognize that the predictability of bank erosion is limited by the facts
that (1) not all the processes are understood and formulated accurately, (2) collecting
field data necessary for the analysis is extremely difficult and costly, and (3) the accu-
racy of the flow simulation is affected by themodelingmethodologies and computer
capacity.When a real-world bank erosion problem ismodeled, one focuses on the
dominant processes and carries out appropriate calibration and validation. These pro-
cesses could be related to several parameters: sediment properties of bedmaterials and
bank, including bank slope, height, and bankmaterial erodibility, as well as the condi-
tions of the flow in the river channel (shear stress, water depth, channel curvature, etc.).

The flow discharge increases greatly, particularly during typhoon seasons. Themul-
tiple channels becomea single one onlywhen the discharge is very large during typhoon
seasons. Due to the nature of the channel pattern, themain channel and secondary
channels in the study reach change courses randomly andquickly. Sediment transport is
dominated by the pattern of the flow discharge. The computationalmodel, CCHE2D,
was applied to simulate the bank erosion process in one reach of the river fromMingchu
Bridge (CS 106.5) to Zhongsha Bridge (CS 52), a 26 km stretch (Figure 6).

Even in a braided river, each sub-channel is a curved one. Because sediment
transport in curved channels is affected by the secondary current, creating a lateral
sediment motion and channel change, the computational model should include this
mechanism to reflect the realistic transport processes. Figure 6 shows the air photo of
this reach in 2007, where the nature of the braided river is clearly seen. The flow
discharges for this figure are unknown. It is certain the braided river process is very

Figure 6.
Study reach of Chuoshui River.

42

Current Practice in Fluvial Geomorphology - Dynamics and Diversity

active. The upstream part of the Chuoshui River between Mingchu Bridge (CS 106.5)
and Zhangyun Bridge (CS 86.5) was used as a test site for the bank erosion model.

Field bed material samples taken in July 2004 were used as the initial bed
composition for the study reach. The average sediment compositions in three sub-
reaches are shown in Figure 7 and Table 2. One notes that the sediment sizes range
from 0.283 to 282 mm. The trend of sediment particle size decreases downstream
(CS 55–CS 70) is quite significant. Particularly the portion of coarse particles
decreases more (Figure 7). To gain computational efficiency, the original measured
sediment distribution data was simplified from nine size classes to six.

The flow discharge in the Chuoshui River is highly variable, ranging from almost
zero in dry seasons to more than 20,000 cms in some typhoon seasons. Because
sediment transport is insignificant to channel change when the flow discharges are
low, the bank erosion study was performed only when the flow rate is high
(>4000 cms). Considering the bank-full discharge is 5700 cms in this channel, this
criterion of simplification has included most significant flows. Figure 8 shows the
simplified hydrograph including most of the typhoon events from June 8, 1998, to
October 8, 2007. The corresponding downstream boundary condition, water sur-
face elevation at the Zhongsha Bridge (CS 55), is also shown. Rating curves for the
sediment transport rate were used for sediment boundary conditions with wash
load being removed. The accumulated total time of these high flows is approxi-
mately 4 days and 20 hours.

The sediment discharge hydrograph at Mingchu (CS 106.5) and Zhangyun
(CS 86.1) was also filtered accordingly to remove low flow events. Because there is
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because the small channel shortcuts from one bend to the next, the local water
surface slope, and sediment transport capacity are relatively large. This phenome-
non appears also in some natural rivers ([21]).

3.2. Application of the bank erosion model to a field case in Chuoshui River

Chuoshui River is in the middle of the Taiwan inland which is located in the South
China Sea across the Taiwan Strait. Originated from the central mountains, the river
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slope in the mountain area is very steep. The valley of the river is wide, and a typical
braided river pattern with multiple curved sub-channels can be observed from aerial
photos and satellite imagery. The study reach is situated at the connection part of the
mountain and the alluvial fan of the river. The channel slope is about 0.0069 for the
mountain part, and it reduces suddenly to about 0.0041 over the alluvial fan. The
hydrology is dominated by seasonal typhoon events and a large amount of sediments
from the mountain watershed. The characteristic of braided river varies downstream
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capacity.When a real-world bank erosion problem ismodeled, one focuses on the
dominant processes and carries out appropriate calibration and validation. These pro-
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bank, including bank slope, height, and bankmaterial erodibility, as well as the condi-
tions of the flow in the river channel (shear stress, water depth, channel curvature, etc.).
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tiple channels becomea single one onlywhen the discharge is very large during typhoon
seasons. Due to the nature of the channel pattern, themain channel and secondary
channels in the study reach change courses randomly andquickly. Sediment transport is
dominated by the pattern of the flow discharge. The computationalmodel, CCHE2D,
was applied to simulate the bank erosion process in one reach of the river fromMingchu
Bridge (CS 106.5) to Zhongsha Bridge (CS 52), a 26 km stretch (Figure 6).

Even in a braided river, each sub-channel is a curved one. Because sediment
transport in curved channels is affected by the secondary current, creating a lateral
sediment motion and channel change, the computational model should include this
mechanism to reflect the realistic transport processes. Figure 6 shows the air photo of
this reach in 2007, where the nature of the braided river is clearly seen. The flow
discharges for this figure are unknown. It is certain the braided river process is very

Figure 6.
Study reach of Chuoshui River.
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active. The upstream part of the Chuoshui River between Mingchu Bridge (CS 106.5)
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little information about the sediment size composition for the estimated sediment
load, it is assumed that (1) 95% of sediment load is suspended and 5% is bed load
and that (2) 80% of suspended load coming from upstream is wash load. Consider-
ing that the sediment composition would be a function of the flow discharge, large
sediment particles can be moved only when the discharge is large, and fine particle
can be moved by any flow; the composition of bed sediment can be adjusted by the
erosion and deposition process.

The time step for bank erosion was set to be 1.0 hour, while that for the flow and
sediment transport was 30 seconds. The critical stress used was consistent with the
field data ([34]) for low cohesive bank materials.

The bank erosion was estimated using the difference between 1998 and 2007 DEM
data. Figure 9 shows the measured and computed bed morphologic change of the
second reach (II) from 1998 to 2007. The measured bed change is presented over the
1998 aerial photo with the initial mesh boundaries indicated by white lines
(Figure 9a). The computed bed change is also presented in a similar fashion
(Figure 9b), except that the part outside the computational mesh is contour lines
rather than color shading. The initial mesh boundaries are indicated with white lines,
while the final mesh boundaries due to bank erosion are presented with purple lines.
The difference between these two colored lines represents bank erosion. As indicated
in the figure, the simulated bank erosions are very close to the observed, particularly
for those on the left bank. The lateral movement of the bank line ranges in several
100 meters. The most significant bank erosions occurred at the left bank. The white
circles indicate the two significant bank erosion zones. The general shape and area of
the simulated bank erosions are similar to the observed. The maximum erosion
distance normal to the left bank line is more than 800 meters.

The simulated bed change has differences from the observed although they
are generally consistent. Downstream of CS 70, the computed bed change is
consistent with the measured. The location of the deposition and erosion is correctly
predicted with the simulated results having a little more deposition. Near the
entrance of the reach, the bed change is dominated by degradation. The computed
results show two separated channels, one is being eroded and the other has
deposition.

The big point bar indicated in Figure 9 was eroded in the numerical simulation,
contributed a lot of sediment to its downstream, and affected the simulation results.
However, it was found later that the sediment of this 6 meter high point bar could
have been taken away by sand miners. To certain extend, this attributes why more
deposition is predicted by the numerical simulations.

Figure 8.
Discharge and water stage hydrograph at Zhangyun and Zhongsha Bridge (CS 55), respectively.
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To illustrate more clearly the bank erosion simulation, the computed bank lines
are plotted together with the measured bed change in two cross sections (Figure 10).
The green lines represent the bed cross-section profile of 1998; the red lines represent

Figure 10.
Bank erosion comparison. The measured and simulated bed elevation change in CS 70 and CS 78 shows that the
bank erosion was simulated well. The incision of the channel thalweg in these two sections was not captured.

Figure 9.
Comparison of computed bed change and bank erosion with observed.
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the profile of 2007. The bank heights at the bank erosion zones were more than
6 meters. It is seen that the major bank erosion in the channel was reasonably
predicted by the model. Although the simulated location and amount of the bank
erosions do not match exactly to the observation, the general trend of the bank
erosion simulation is quite satisfactory. The observed bank erosion at CS 70 and CS 78
were about 500 and 800 m, respectively. As discussed earlier, the model-predicted
incision in the main channel was less than the observed. The error is mainly attrib-
uted to lacking of desirable data of sediment transport. Secondly, the Chuoshui River
in the study reach is of braided pattern with several major branches. Even the general
trend of channel aggradation/degradation can be simulated; the sedimentation trend
in each branch is difficult to control. More research is necessary.

4. Major outcomes and conclusions

Morphodynamics of fluvial systems is complex involving channel bed change,
bank erosion, and channel migration, and it results in soil loss, water quality dete-
rioration, and property damages. Numerical models can be applied to simulate the
system behavior by considering involved key physical mechanisms and processes,
such as main and secondary flow, sediment transport processes and bank slope mass
failure, etc.

The capabilities for simulating the secondary helical flow effects on suspended
sediment and bed-load sediment transport have been developed and implemented
to the CCHE2D model. The vertical profile for the main velocity and the secondary
helical current were assumed to be the power law and linear distribution, respec-
tively. Rouse’s distribution for suspended sediment concentration was adopted. For
general applications, the curvature of the flow instead of the channel was used for
the helical flow calculation. The bank toe and surficial erosion and mass failure
mechanisms have also been developed with the mass wasted bank materials being
transported as bed load. The current model was designed for banks with cohesive
and homogeneous materials. The mesh stretching technique was developed and
used to adjust dynamically the moving boundary, internal mesh nodal position, and
associated interpolation. These are important to simulate rivers with significant
bank line movement due to erosion.

Several sets of curved channel experimental data with different channel geome-
tries, flow rates, sediment sizes, etc. were utilized to validate the developed sedi-
ment transport and morphodynamic simulation capabilities in good agreement.
Bank erosion capabilities were tested first using a sine-generated channel and then
the field case of Chuoshui River, Taiwan. The developed dynamic meshing method
handled the moving boundary problem satisfactorily. The simulated and observed
bank retreats in the studied Chuoshui River reach can be 500–800 m, which is
agreed reasonably well. Because bank erosion occurred mainly in typhoon seasons,
simulations used only flow discharges larger than 4000 cms. The computed bed
change and bank erosion in one reach of this highly mobile braided river were
compared with reasonable agreements to observations.
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Remote Sensing and River Basin 
Management: An Expository 
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Southwest Nigeria
Adewole Adedayo Oreoluwa and Eludoyin Adebayo Oluwole

Abstract

This chapter is part of the focus on the development in river basin management, 
and its specific objective is to provide an expository review of drainage basin mor-
phometry and the relevance of remote sensing technology, especially for locations 
in developing countries, where sophisticated remote sensing technology are either 
expensive or challenged by limited professionals. The chapter is divided into six 
subsections, treating issues on remote sensing, drainage density and presenting spe-
cific case study, among others. The study reveals that remote sensing technology is 
efficient for providing decision support system for both gauged and ungauged river 
basins, and that freely available remote sensing data can efficiently fill the data gaps 
in many developing countries. It however warned on the need to consider variations 
in sensors capacity and mission as important attributes that can generate different 
spatial radiometric issues which may negatively affect the quality of the results. It 
concluded that researchers on drainage basin analysis in developing countries will 
benefit immensely from the freely available remote sensing data in the region.

Keywords: remote sensing data, river basin studies, developing countries,  
decision support systems

1. Introduction

A river basin is any area of land where precipitation collects and drains off into 
a particular point along a channel network or depression [1]. The basin is the basic 
unit for a hydrological study, probably because the input and output can be quanti-
fied and accessed; the basic input is precipitation, and largely rainfall in the humid 
region while the output or response is the runoff. Rainfall-runoff relationship 
provides insights into a basin’s input-output relationship, and consequently, a basin’s 
behaviour and an indicator of the basin’s status of health [2]. Being an open system, a 
river basin receives inputs (of wastes, seepages, debris, etc.) from anthropogenic and 
natural activities within the confinement of the basin that are capable of influencing 
the quality of the river. Also, landcover, topography, the shape and size of a basin are 
capable of posing significant influence on the basin response to rainfall input [3, 4].

Researchers and policy makers across countries have demonstrated interests 
in the study of river basins, catchment or watershed, mainly because of the 
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importance of river basins to human’s livelihoods. River basins are wetlands, and 
home for ecological resources. Adequate management of river basins are known 
to promote soil and water conservation, and control of soil erosion and resources 
management. River basins are also main source of freshwater for ecosystem’s sur-
vival; humans, animals and plants within the drainage basin system often depend 
on the survival of river basins. Sivapalan [5] described the river basin ‘as a funda-
mental landscape unit for the cycling of water, sediment and dissolved geochemical 
and biogeochemical constituents, which integrates all aspects of the hydrological 
cycle within a defined area that can be studied, quantified and acted upon’. Jackson 
et al. [6] argued that temporal and spatial assessment of land use change in a 
river basin is important for flood risk management in the area. In the Taw river 
basin in the southwest England, Williams and Newman [7] demonstrated how the 
knowledge of the chemistry of streams in the basin can be useful to set criteria for 
vulnerability zones, control pollution of streams and improve the understanding 
of biogeochemical cycles in the basin. Evaluation of studies across decades reveals 
different levels of concerns of methodologies for evaluation of the morphology 
and biogeochemical cycle in the river basins for the purpose of pollution control, 
water management and seeking understanding of the effects of landuse changes in 
hydrological basins.

Despite the importance of the drainage basins, studies have shown that that 
they are difficult to conceptualise [8], causing a global dedication to ‘Prediction 
in Ungauged Basins (PUB) science programme (2003–2012), that urged a rethink 
about the different ways in which the form and function of river basin systems are 
conceptualized [5]. Many river basins in the sub-Saharan Africa are ungauged, 
probably because of poor access to appropriate technology. There is also poor 
information about their characteristics and changes that have taken place within 
them over the years. Except for the few large basins such as Niger that are gauged by 
international organisations, drainage basins have been poorly studied and under-
stood. The main objective of this chapter, therefore, is to provide an expository 
review of drainage basin morphometry and the relevance of remote sensing tech-
nology, especially for locations in developing countries, where sophisticated remote 
sensing technology are either expensive or challenged by limited professionals.

2. Remote sensing and allied technologies for river basin investigation

Remote sensing is concerned with acquiring information about the earth’s land 
and water surfaces with reflected or emitted electromagnetic energy. Sensors fixed 
to a platform detect and record electromagnetic energy from target areas in the field 
of view of the sensors’ instrument. Remote sensing is one of the many methods 
(others are land and social surveys, extensive field and laboratory analysis, among 
others) of data acquisition for geographical information system—a computerised 
system of software, hardware and people (expertise and users) involving data 
acquisition, storage, manipulation, analysis, retrieval and information presentation 
aimed at solving a location-referenced problem. Areas of remote sensing applica-
tion include agriculture, disaster monitoring and mitigation, surveying and urban 
planning and water resource management. Remote sensing image and geographical 
information are useful for land use-land cover classification, land degradation and 
soil erosion [9].

A review of studies on river basin management have shown that whereas 
earlier focus has been within the perspectives of engineering, extensive social and 
fieldwork activities, more recent studies have involved the application of remote 
sensing and geographical information system to link the numerous hydrological 
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parameters, their relationships and other indicators within combined socio-physical 
and biographical context. Grohmann [10] also argued that recent advancement in 
computational power of remote sensing and geographic information system has 
accounted for development in hydrological models and computational (rather than 
descriptive) interests in morphometry analysis. Application of remote sensing and 
geographical information systems is often preferred for potential and capacity for 
customised production of outputs (in terms of resolution and data integration). 
Sarmah et al. [9], Rai et al. [11], Fenta et al. [12], among other studies argued that 
hydrological model inputs have successfully been derived from remotely sensed 
data and geographical information-based modelling activities. In all, remote sens-
ing and geographical information system’s applications to river basin often assume 
that the drainage basin is a system—that it actually is.

3. Drainage basin as a system

Bertalanffy [13] described the system as an interdisciplinary study of systems; 
for elucidation of the system’s dynamics, constraints, conditions and principles. In 
the river basin, the purpose of a system theory is to achieve optimized equifinality 
in the explanation of functions and processes within a unit the hydrological system 
[14]. The systems approach provides a useful conceptual vehicle for the study of 
the drainage basin. Studies based on a system theory measure the inputs, outputs, 
transfers and transformations that characterize this system. The system analysis also 
serves useful purpose in organizing process studies into a framework that allows 
both qualitative and quantitative data-base modelling and prediction [15, 16]. A 
hydrological system will comprise a set of drivers of hydrological processes and 
their relationships with components of hydrological systems.

Until recently when remote sensing and GIS are integrated in hydrological mod-
els, existing typical hydrological models are either parametric, physically based or 
deterministic. Parametric models describe the component hydrological processes, 
and are made up of interconnected reservoirs representing the physical elements of 
a catchment; i.e., rainfall, infiltration, percolation, evaporation, runoff and drain-
age. They often adopt semi empirical equations, and model parameters are assessed 
from field data and calibration. Many conceptual models have been developed with 
different levels of complexity, including the Stanford Watershed Model IV (SWM) 
developed by Crawford and Linsley [17], and Hydrologiska Byrans Vattenavdelning 
(HBV) model [18]. In addition, physically based or mechanistic models provide 
mathematical representation of reality through the principles of physical processes. 
They use of variables that are measurable functions in both space and time. They 
can overcome the limitations of empirical and conceptual models because of the use 
of parameters that have physical interpretation [19]. Example includes the Systeme 
Hydrologique European (SHE/MIKE SHE) model in 1990, the Soil and Water 
Assessment Tool (SWAT) Model as well as Topmodel [20]. Beven et al.’s [20] topo-
graphical (TOP) model is a rainfall-runoff model that makes use of topographic 
information related to runoff generation for prediction in single and multiple 
basins. Other models were the empirical, metric models or data driven models 
that involve the use of information from the existing data without considering the 
features and processes of the hydrological system. The model involves mathematical 
equations derived from concurrent input and output time series but not from the 
physical processes within and over the catchment.

In river basins, parameterisation can be a major modelling challenge because 
they (parameters) are many. Common morphologic parameters in drainage basin 
stream order, number, length ratio, bifurcation ratio, drainage density, stream or 
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channel frequency, texture ratio, form factor, circulatory ratio, elongation ratio, 
relief ratio and length of overland flow. The stream orders and stream number 
typically provide information on other parameters, suggesting complexity in the 
parameters [21]. Subsequently, major advancements in remote sensing technology 
are the availability of many high-quality drainage models or abstraction of reality.

4. Development in modelling drainage basins

The river basin concept aids the development and management of water 
resources in many countries, and consequently interests planners and engineers, 
and scientists, including agriculturists that are interested in the elucidation of 
hydrological processes. Improvements in water supply and demand enhance hydro-
power generation, flood control, water supply and irrigation; Recreation, aesthetic 
ammenities, ecosystem services pollution control are also justifications for scientific 
interests; especially among hydrologists, soil scientists, geologists,  physical geog-
raphers and environmental modellers [22]. Concerns about basins probably became 
noticeable since 300 BC [23, 24], with improved focus on hydraulic infrastructure 
over flood basins and dams for flood disaster control, intensive agriculture, and 
industrialisation. Parameterisation of basins for explanatory and predictive model-
ling purposes later became popular with the thoughts of Horton [25] and Langbein 
[26], emphasising concerns on runoff regeneration mechanisms.

Digital elevation models (DEMs) are frequently explored for the morphometric 
analysis of river basins through the extraction of topographic parameters and 
stream networks, and their use presents many advantages over traditional topo-
graphical maps. DEM is a regular gridded matrix representation of the continuous 
variation of relief over space [27], and a digital model of the land surface form. 
The most important requirement of any DEM is that it should have the required 
accuracy and resolution and be stripped of data voids [28]. Recent increase in 
the application of DEMs can be attributed to their easy integration within a GIS 
environment. The Shuttle Radar Topography Mission (SRTM) and the Advanced 
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) are samples 
of advanced global DEMs. They have been adopted in a variety of studies where 
terrain and drainage factors play prominent roles because of convenience of users 
and open-access availability of the DEMs. The DEM approach is also useful for 
characterising stream basin because of its easy integration within the GIS environ-
ment. It is fast, precise, updated and it is an inexpensive method for drainage basin 
analysis [29]. The DEM will help to show the general topography of the area and the 
direction of flow of the streams.

In addition, studies have shown that the advantage of timeliness and ability 
to capture information on larger areas than in studies with traditional surveying 
methods [21, 30–33] are main strengths of remote sensing and GIS in river basin 
investigations. GIS is also a viable tool for establishing relationship between drain-
age morphometry and properties of landforms useful in the development and 
planning of drainage system. Results from remote sensing and GIS are known to 
provide decision support information for prioritization of basins, water conserva-
tion and natural resource management. Specific results of basin morphometry are 
also advantageous in the recognition of different terrain parameters and basin’s 
health; measured in terms of runoff and sediment yield index from a basin, flow 
characteristics and fluvial processes [34, 35]. Malik [30] adopted drainage density 
and stream frequency to explain control of the runoff pattern, sediment yield and 
other hydrological parameters within the basin. In addition, Kulkarni [35] argued 
that dynamism of river morphology is the aftermath of natural processes as well 
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as anthropogenic intervention, hence both causes can be explained by the changes 
observed in the basins. In general, good information about basin morphometry 
generally assists in making decisions for combating hydraulic structures to combat 
erosion [36] and to arrive at decisions regarding suitable sites for soil and water con-
servation structures [37]. In many basins, the remote sensing approach is the only 
option, especially in difficult or dangerous terrain especially in Congo and Amazon.

Most studies from the Nigerian environment have focused mainly on the 
drainage basin morphometry from the angle of landuse/landcover change [38–40]. 
Orunonye et al. [39] carried out morphometric studies on River Lamurde in Jalingo, 
Nigeria, and explained that lack of reliable hydrological data has been a major con-
strain for use by water resource managers and researchers in Nigeria, therefore, the 
only alternative was to resort to measures of appraising and evaluating the natural 
water resources potential of basins without stream gauge records using series of 
generalised regional relationships based on morphometric parameters.

5. Case study analysis

5.1 Precipitation input measures

Main precipitation input into the drainage basin in Nigeria is rainfall based on its 
location in the tropical region. Whereas the ground-based data has become rather 
expensive, despite being coarse (almost only available for locations around airports, 
which are often not representative of the large area that they are meant to repre-
sent), satellite-based data sources are poorly explored. This is probably because 
of the poor awareness and low capacity for remote sensing analysis among many 
climate experts in the country.

Meanwhile, satellite-based precipitation estimation algorithm use information 
from two primary sources; the visible and infrared channels from geosynchronous 
satellites. Many meteorological weather satellites have been launched in the last 
few decades and some of these satellite rainfall products are freely available in 
real time on the internet via the web or File Transfer Protocol (FTP). Some of 
the freely available spatially distributed satellite-based rainfall estimates are the 
Tropical Rainfall Measuring Mission (TRMM), EUMETSAT’s Meteorological 
Product Extraction Facility (MPEF), and Multi-Sensor Precipitation Estimate-
Geostationary (MPEG). Others include the Climate Forecast System Reanalysis 
(CFSR), the NOAA/Climate Prediction Center Morphing Technique (CMORPH), 
Climate Research Unit (CRU), and Global Precipitation Climatology Centre 
(GPCC), European Centre for Medium-Range Weather Forecasting (ERA-
Interim), the Naval Research Laboratory’s blended product (NRLB) and African 
Regional Climate (ARC) [41]. These satellites have different spatial and temporal 
resolutions, thus providing a stream of datasets in support of operational meteo-
rology and many other disciplines. They are scaled to match rain-gauge measure-
ments on land points where ground measurements are available. The TRMM, 
CRU, GPCC, GPCP, and ERA-INTERIM (Medium-Range Weather Forecasting 
Reanalysis-Interim) were commonly selected and chosen for use in many stud-
ies and have been shown to possess complementary capacity with ground based 
data based on their high spatial and temporal characteristics, free availability and 
accessibility online and minimal frequency of missing data. The centre for this 
is the latest global atmospheric reanalysis (third generation reanalysis) which 
computes synoptic hourly, daily and monthly means of precipitation by accumu-
lating the available hourly forecast for each calendar month [41]. The ECMWF 
ERA-Interim reanalysis, provides global precipitation at gridded spatial resolution 
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channel frequency, texture ratio, form factor, circulatory ratio, elongation ratio, 
relief ratio and length of overland flow. The stream orders and stream number 
typically provide information on other parameters, suggesting complexity in the 
parameters [21]. Subsequently, major advancements in remote sensing technology 
are the availability of many high-quality drainage models or abstraction of reality.
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power generation, flood control, water supply and irrigation; Recreation, aesthetic 
ammenities, ecosystem services pollution control are also justifications for scientific 
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ling purposes later became popular with the thoughts of Horton [25] and Langbein 
[26], emphasising concerns on runoff regeneration mechanisms.

Digital elevation models (DEMs) are frequently explored for the morphometric 
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and stream frequency to explain control of the runoff pattern, sediment yield and 
other hydrological parameters within the basin. In addition, Kulkarni [35] argued 
that dynamism of river morphology is the aftermath of natural processes as well 
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rology and many other disciplines. They are scaled to match rain-gauge measure-
ments on land points where ground measurements are available. The TRMM, 
CRU, GPCC, GPCP, and ERA-INTERIM (Medium-Range Weather Forecasting 
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ies and have been shown to possess complementary capacity with ground based 
data based on their high spatial and temporal characteristics, free availability and 
accessibility online and minimal frequency of missing data. The centre for this 
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Figure 1. 
Landcover change over Opa river basin in Southwest Nigeria between 1986 and 2016 (see [45] for details of the 
methodology used to derive this).

of 0.125° × 0.125° (i.e., 13 km). In addition, dataset from the Global Precipitation 
Climatology Project is made available from October 1996 to present. The GPCP 
provides daily, global horizontal resolution of 1 × 1° (i.e., 111 km) gridded fields 
of precipitation. The GPCP 1-DD draws upon several data sources such as GOES, 
Meteosat, GMS geostationary satellites and with NOAA AVHRR polar-orbiting 
IR satellite, given the different available input sources (GPCP-1DD v.1.2; [42]). 
The Tropical Rainfall Measurement Mission (TRMM) satellite, launched in 
November 1997 is a joint space mission between the National Aeronautics and 
Space Administration (NASA) Goddard Space Flight Center (GSFC), and the Japan 
Aerospace Exploration Agency (JAXA). It is a polar orbiting satellite, having a 
relatively high temporal resolution, designed to monitor rainfall over the global 
Tropics [43]. The satellite estimates rainfall and energy exchange on tropical and 
subtropical regions of the world based on the characteristics of cloud cover, cloud 
tops and temperature.

The great advantage of satellite-based rainfall records is their global coverage, 
providing information on rainfall frequency and intensity in regions that are in 
accessible to other observing systems such as rain gauges and radar. Through the aid 
of satellite weather observing technologies, the influence of viewing and under-
standing tropical rainfall systems has been greatly improved. In recent studies, 
several satellite-based rainfall products have been subjected to cross-validation 
tests over many regions to ascertain the accuracy of their rainfall estimations. The 
performance of satellite precipitation estimates over land areas has been reported to 
be highly dependent on the rainfall regime and the temporal and spatial scale of the 
retrievals [44].

5.2 River basin analysis: Opa River basin in Southwest Nigeria

Opa river basin is a tributary of River Shasha (one of the main tributaries of 
River Osun) located within latitudes 7°26′56′′–7°35′5′′ N and longitudes 4°24′53′′–4° 
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39′13′′E. The basin covers four local government areas and an important impound-
ment in the basin is the 68 km2 Opa Dam that was established in a University (Obafemi 
Awolowo University, Ile-Ife, Nigeria) community in 1978 supply water for more than 
10,000 students and staff in the University community. Satellite data used were 
freely available Advanced Spaceborne Thermal Emission and Reflection Radiometer 
(ASTER), Shuttle Radar Topography Mission (SRTM) Digital Elevation Models 
(DEMs) and Landsat imageries (mainly TM of December, 1986; ETM+ of December 
1999; ETM+ of March, 2002 and OLI/TIR of January, 2016) to provide management 
decision support on river basins in the region. Main objectives were to examine lan-
duse/landcover change over the river basin, characterize the basin, morphometrically 
and compare the morphometric characteristics from different sensors and resolutions.

Results showed that built-up areas and farmlands have increased in the study 
area by 262.71 and 7.15%, respectively, at the expense of vegetation cover that has 
reduced by 23.78% within the study period of 1986–2016 (Figure 1). Analysis of 
the DEMS classified the river basin as belonging to a fifth order class, with about 
480 tributaries over the 236 km2 area. When subjected to cluster analysis, results 
showed that the remote sensing data can be used to generate distinguishable sub-
basins that can ease management and allow for creation of sub-basin plans based 
on each sub-basin’s comparative advantage. To achieve the classification, important 
drainage parameters were investigated across selected (Opa) basin, and their results 
are presented in Table 1. Subsequently, the river basin was classified into five sub-
basins (Figure 2) that can aid planning.

Despite the suitability of the remote sensing data, comparison of the results 
across geometric and radiometric differences indicate that 30 and 15 m resolu-
tion DEMs from ASTER sensor produced fewer contrasting results than what was 
obtained from different sensors (but same resolutions) analysis of 30 m ASTER and 
30 m SRTM. It this can be recommended that it is better to adopt same product of a 
particular sensor rather than of different sensor for analysis. Nikolakopoulos et al. 
[46] had indicated that differences may occur due to variations in mission specifi-
cations of different sensors, and that whereas SRTM elevation data are unedited, 
and contained occasional voids, or gaps, where the terrain lay in the radar beam’s 
shadow or in areas of extremely low radar backscatter, such as sea, dams, lakes and 
virtually any water covered surface, ASTER imageries can be influenced by weather 
conditions during the stereo-imagery acquisition.

Table 1. 
Selected morphometric characteristics of identified sub-basins from remotely sensed data. Details of the 
parameters and methods are provided in Eludoyin and Adewole [45].
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The great advantage of satellite-based rainfall records is their global coverage, 
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Awolowo University, Ile-Ife, Nigeria) community in 1978 supply water for more than 
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(ASTER), Shuttle Radar Topography Mission (SRTM) Digital Elevation Models 
(DEMs) and Landsat imageries (mainly TM of December, 1986; ETM+ of December 
1999; ETM+ of March, 2002 and OLI/TIR of January, 2016) to provide management 
decision support on river basins in the region. Main objectives were to examine lan-
duse/landcover change over the river basin, characterize the basin, morphometrically 
and compare the morphometric characteristics from different sensors and resolutions.

Results showed that built-up areas and farmlands have increased in the study 
area by 262.71 and 7.15%, respectively, at the expense of vegetation cover that has 
reduced by 23.78% within the study period of 1986–2016 (Figure 1). Analysis of 
the DEMS classified the river basin as belonging to a fifth order class, with about 
480 tributaries over the 236 km2 area. When subjected to cluster analysis, results 
showed that the remote sensing data can be used to generate distinguishable sub-
basins that can ease management and allow for creation of sub-basin plans based 
on each sub-basin’s comparative advantage. To achieve the classification, important 
drainage parameters were investigated across selected (Opa) basin, and their results 
are presented in Table 1. Subsequently, the river basin was classified into five sub-
basins (Figure 2) that can aid planning.

Despite the suitability of the remote sensing data, comparison of the results 
across geometric and radiometric differences indicate that 30 and 15 m resolu-
tion DEMs from ASTER sensor produced fewer contrasting results than what was 
obtained from different sensors (but same resolutions) analysis of 30 m ASTER and 
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virtually any water covered surface, ASTER imageries can be influenced by weather 
conditions during the stereo-imagery acquisition.
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Selected morphometric characteristics of identified sub-basins from remotely sensed data. Details of the 
parameters and methods are provided in Eludoyin and Adewole [45].



Current Practice in Fluvial Geomorphology - Dynamics and Diversity

58

6. Conclusion

This chapter reviewed different areas of application of remote sensing to river 
basin studies, with significant emphasis on and a case study in a part of Nigeria. The 
study used mainly an expository review and presented a case study. The chapter 
showed that huge potentials in some freely available remote sensing data in the 
developing country and considered that they are capable of bridging the gap of the 
coarse data. The case study presented was to indicate that decision support informa-
tion can be generated from the freely available (only requiring downloading from 
the authorized archive) remote sensing data in many developing countries, where 
researchers have complained of significant data gaps. The review however warned 
that remote sensing data are prone to geometric and radiometric discrepancies that 
make them vulnerable to errors.

Figure 2. 
Delineated sub-basins from hierarchical clustering, and their corresponding locations (the methods are 
presented in detail in [45]). Specific characteristics of the sub-basins are in Table 1.
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Overview of Hydrological 
Dynamics and Geomorphological 
Aspects of the Amazon Region 
Rivers to Characterize Fluvial 
Sensitivity to Oil Spills
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Abstract

This chapter presents a collection of studies performed in the Amazon region 
that includes thematic products portraying its fluvial sensitivity to oil spills. The 
research addresses the intense Amazonian seasonal dynamics, as well as the envi-
ronmental peculiarities of this singular ecosystem. Periodic changes caused by 
natural phenomena have a significant impact on not only flooded alluvial plains and 
riverine habitats but also on petroleum exploration, production, and transportation 
activities. Therefore, the implementation of tools to assess the potential impact 
of oil spills in the Amazonian rivers must be adjusted to the local conditions. The 
main deliverables of the research are (1) fluvial oil spill sensitivity index maps 
contemplating each phase of the hydrological cycle (low water, high water, receding 
water, and rising water), (2) a computational method to represent fluctuations of 
the seasonal inundation, and (3) a risk analysis method using linguistic rules for the 
construction of a risk matrix.

Keywords: Amazon region, fluvial sensitivity to oil spills, computational modeling, 
linguistic rules, risk matrix

1. Introduction

The Amazon is a region characterized by ecologically complex environments sub-
jected to constant and rapid seasonal changes. The environmental patterns that make 
up the Amazonian scenario are determined by the changes that occur in the different 
phases of its hydrological cycle. The seasonal dynamic is evidenced by the average 
annual variation of the waters between maximum drought and flood conditions, 
which is on the order of 10–12 meters and is associated with rainfall in the headwa-
ters of the rivers of the region and the annual thaw of the Andean summer [1].

A significant quantity of sediments from the Andes slopes, as well as a high 
concentration of nutrients, is transported during the flood period. This is the 
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main contributor responsible for the productivity of Amazonian floodplains, in 
terrestrial and aquatic systems alike [2]. The resulting annual deposition of such 
sediments defines the fauna and flora, the geomorphology of the floodplain, bioge-
ography, and patterns of human occupation [1].

The discovery and exploitation of oil and gas in the Central Amazon rainforest 
is a major challenge for sustainable development. Hydrocarbon transportation is an 
industrial enterprise that involves various potential environmental impacts, thus 
requiring interdisciplinary studies for risk assessment [3, 4].

The study area includes the flow route of crude oil, liquefied petroleum gas 
(LPG), and natural gas produced by Petrobras in the Petroleum Province of Urucu. 
Three pipelines are used to bring crude oil, LPG, and natural gas from Urucu to a 
terminal located in Coari. From there, crude oil and LPG are transported to Manaus 
by river, while natural gas is taken via a terrestrial gas pipeline. Thus, this region is 
susceptible to possible damages due to oil activities, which are a potential threat to 
environmental conservation in the areas under its influence [5, 6].

The major oil companies have intensified their programs of excellence in envi-
ronmental management and operational safety in order to reduce the risk of acci-
dents in the operations of exploration, production, and transportation of petroleum 
and its derivatives. Nevertheless, these accidents can occur in rivers or at sea, due to 
product spills during procedures of oil tanker reservoir cleaning or loading in termi-
nals, which require standardized response procedures for such emergencies [7].

Thus, given that the Amazon region presents considerable environmental sen-
sitivity to oil spills, there is a need to respond proactively to possible accidents. In 
order to do this, it was necessary to examine the list of features of its rivers and lakes 
and their corresponding sensitivity in more detail, in order to hierarchize them 
in terms of potential impacts [8]. As a result, Araújo et al. [9] defined the fluvial 
sensitivity index to oil spills, adapted to the corresponding features and consistent 
with the typical Amazonian seasonality.

Among the factors that influence the sensitivity of habitats to oil spills, the 
most important are (1) the degree to which affected areas are exposed to processes 
of natural removal, (2) biological productivity and recovering capability after 
oil impacts, (3) existing land-use practices, and (4) ease of oil spill cleaning [10]. 
The overall sensitivity of natural habitats to oil spillage is ranked according to the 
aforementioned factors in the context of the environmental sensitivity index (ESI). 
The use of ESI is fundamental for oil spill contingency planning.

The most sensitive habitats in the Amazon region are flooded forests. In fact, 
inundation causes seasonal differences in the water level and changes the landscape, 
which creates the need for production of a specific sensitivity index map for each 
season: low water, high water, receding water, and rising water. The areas occupied 
by flooded forests change with time, such that continuous monitoring is required 
through the collection, processing, and analysis of remote sensing data. These areas 
were first systematically studied in the last decade using LHH SAR images based on 
the multi-seasonal coverage of the JERS-1 satellite [11].

The global weather-independent coverage provided by the synthetic aperture 
radar (SAR) system onboard the JERS-1 satellite allowed end users to monitor the 
rapidly changing conditions in cloud-covered rainforest regions. This L-band, HH 
polarization system is best suited for flood mapping in rainforest-covered areas due 
to its capability to penetrate dense vegetation [12].

The JERS-1 satellite orbital arrangement favors the continuous monitoring of the 
Amazonian hydrological cycle. To do so, contiguous orbits on consecutive days are 
used. Such a procedure allows temporally homogeneous images to be acquired on a 
continental scale [13]. Consequently, JERS-1 SAR data were instrumental in mapping 
inundation variation in space and time over large forested floodplain regions [14–18].
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In this chapter, a brief summary will be presented on how the main Amazon 
features were identified and hierarchized, with relevance to the determination of 
the environmental sensitivity to oil production and transportation activities. Next, 
the three approaches used in mapping the fluvial sensitivity index to oil spills, in the 
stretch that covers Urucu, Coari, and Manaus, will be presented.

2. Determination of the fluvial sensitivity index in the Amazon

Since the beginning of the 1990s, Petrobras has verified that the methodol-
ogy of drawing up maps of environmental sensitivity to oil spills, adopted by the 
National Oceanic and Atmospheric Administration (NOAA), adequately adapts to 
the Brazilian reality, due to its great acceptance and utilization in many countries, as 
well as the ease of operational implementation [8].

Riverine features of the Amazon region

Fluvial channel features River plain features

1. River banks (large class subdivided into more 
precise characteristics) and islands

1. Exposed lake/plain

2. Beaches along the banks 2. Dense flooded forest

3. Waterfalls 3. Bushland (lower-density forest)

4. Riverine sand bars—beaches formed in the 
middle of the river, isolated from the shores

4. Herb or grass macrophyte bank/exposed plain, 
depending on the period, functions as a filter

Transitional features between channel and river plain components

1. Holes

2. Lake outlets

Fonte: Petrobras [21].

Table 1. 
Amazon region riverine features.

Index Characteristic or feature

1 Man-made structure

2 Rocky shoals

3 Rapids/waterfalls

4 Scarps/high banks in unconsolidated sediment

5 Exposed beaches and sand/gravel bars

6 Sheltered beaches and sand/gravel bars

7 Exposed mud beaches and bars

8 Sheltered mud beaches and bars

9 River and lake confluence zones

10a Aquatic macrophyte bars

10b Scrub-shrub wetlands (swampland, lowland, bushland, field, etc.)

Fonte: Petrobras [21].

Table 2. 
Fluvial sensitivity index to oil spills of the Amazon region.
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well as the ease of operational implementation [8].

Riverine features of the Amazon region

Fluvial channel features River plain features

1. River banks (large class subdivided into more 
precise characteristics) and islands

1. Exposed lake/plain

2. Beaches along the banks 2. Dense flooded forest

3. Waterfalls 3. Bushland (lower-density forest)

4. Riverine sand bars—beaches formed in the 
middle of the river, isolated from the shores

4. Herb or grass macrophyte bank/exposed plain, 
depending on the period, functions as a filter

Transitional features between channel and river plain components

1. Holes

2. Lake outlets

Fonte: Petrobras [21].

Table 1. 
Amazon region riverine features.

Index Characteristic or feature

1 Man-made structure

2 Rocky shoals

3 Rapids/waterfalls

4 Scarps/high banks in unconsolidated sediment

5 Exposed beaches and sand/gravel bars

6 Sheltered beaches and sand/gravel bars

7 Exposed mud beaches and bars

8 Sheltered mud beaches and bars

9 River and lake confluence zones

10a Aquatic macrophyte bars

10b Scrub-shrub wetlands (swampland, lowland, bushland, field, etc.)

Fonte: Petrobras [21].

Table 2. 
Fluvial sensitivity index to oil spills of the Amazon region.
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NOAA’s environmental sensitivity classification system is based on the knowl-
edge of geomorphological characteristics of intertidal regions or river and lake 
limits. In the case of the Amazon basin, because of the need to map the areas under 
the influence of petroleum production and transportation, it was necessary to hier-
archize its ecosystems, after listing its fluvial features. This is necessary because the 
yearly water level variation results in the flooding of a large portion of the alluvial 
plain [19, 20]. This area comprises a complex ecosystem composed of lakes, flooded 
forest, macrophytes, and other habitats (Table 1) [21].

Subsequently, taking into account local characteristics of specific features, 
Araújo et al. [21] defined the different degrees of fluvial sensitivity to oil spills of 
the Amazon region (10b is the most sensitive; Table 2).

3. Study area

The study area embraces the Urucu Petroleum Province; the vicinity of the 
city of Coari, located near the petroleum terminal (TESOL); the Solimões River 
stretched up to the Petrobras refinery in Manaus (Reman), in which transportation 
of crude oil and LPG takes place; and part of the area occupied by the terrestrial gas 
pipeline (Figure 1).

Because it is a region devoid of infrastructure that is subject to a strong seasonal 
variation of the water level in the river plain, travel between Manaus and the adja-
cent municipalities is possible only by air or waterway. The main waterways present 
in the study area include the Tefé, Urucu, Coari, Manacapuru, Purus, and Solimões 
rivers, in the stretch from Coari to the confluence of the Rio Negro in Manaus 
(Figure 1). Some lakes are present in this region; the most expressive, in account of 
its size and strategic location, is Lake Coari.

Figure 1. 
Study area location on the JERS-1 SAR LHH image msaic (high water). Red rectangle corresponds to Figure 8; 
red circle is Coari city.
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4. Thematic products

4.1 Fluvial oil spill sensitivity index maps

Environmental sensitivity index maps should reflect the impact of land-
scape change as a result of flooding. The JERS-1 SAR image mosaics in the low 
water and high water seasons [22] are input to the unsupervised semivariogram 
textural classifier (USTC). This algorithm performs image classification, thus 
recognizing upland forest, flooded forest, flooded vegetation (low biomass above 
water), and water bodies. A by-product of the classification procedure is the 
map depicting classes of change, which expresses the difference between dry and 
flooded seasons.

4.1.1 The USTC classifier

When texture is more important than spectral information, remote sensing 
image classification must rely on spatial structure. This is the case for the JERS-1 
SAR system, which operated using single frequency (L-band) and single polariza-
tion (HH). Therefore, the classifier should take into account a pixel in the context 
of its neighborhood. One possible approach is to analyze texture by means of the 
semivariogram function [23].

JERS-1 SAR data have already been successfully submitted to semivariogram 
classification as an aid to vegetation mapping [17, 24]. The unsupervised semivar-
iogram textural classifier (USTC) considers the spatial structure of remote sensing 
data to carry out image classification. Both textural and radiometric information are 
combined in this algorithm.

Consider an image dataset X = {x(t) ∈ R,t = 1,…,N}, where each element is a 
pixel that represents the radiometric information conveyed by the Frost filter digital 
number (DNdsp) value. Textural information is captured by the semivariogram 
function γ(t,h) (Eq. (1)):

  γ (t, h)  =   1 ___ 2n    ∑ 
i=1

  
n
      ( x  h   (t, i)  − x (t) )    2   (1)

where x(t) is the pixel value; h is a parameter that controls the extent of the 
neighborhood, such that the pixels xh(t,i) lie inside the circle of radius h centered at 
the pixel x(t); and n is the number of pixels of the neighborhood.

The value xh(t,i) in (1) is the value of the neighborhood pixel for i = 1…n, in 
a neighborhood of h defined by the circular semivariogram function γ(t,h) as 
the texture descriptor. Each pixel in the image is thus transformed into the h + 2 
dimensional vector (Eq. (2)):

  z (t)  =  [x (t) , γ (t, 1) ,  γ (  t ,  2 )  … ,  γ (  t ,  h )   ,  σ  h  2   (t) ]   (2)

where   σ  h  2   (t)   is the variance of the area   x  h   (t, i) , i = 1…n .
The classification procedure is accomplished based on all components of this 

h + 2 dimensional vector, calculated for each pixel location. The training set for the 
unsupervised classification is the set   Z =  {  z (t)  ∈  R   h+2   , t = 1,…,N}.

The clustering algorithm known as ISODATA [25] is utilized to perform the 
unsupervised classification of this set of vectors. At last, clustering results are 
interactively merged together to define aggregates of one or more classes capable of 
bearing thematic significance.
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4.1.2 Results of UTSC classification

Results of the USTC image classification for the dry (low water) and flooded 
(high water) seasons are shown, respectively, in Figures 2 and 3. Pixels are rep-
resented as follows: upland forest in green, water bodies in blue, flooded forest in 
yellow, and flooded vegetation in light blue.

After definition of the dual season USTC-classified products, a post- 
classification change detection algebraic calculation generated a multi-temporal 
landscape change map, corresponding to half hydrological cycle in the Central 
Amazon region (i.e., from dry to flooded seasons).

The landscape change map depicted in Figure 4 represents all possible combina-
tions of classes detected using the USTC method. Some of them are rare or would 
seem impossible to occur in the transition from dry to flooded seasons, such as 
C15 (flooded forest/upland forest), while others describe most of the pixels such 
as C16 (upland forest/upland forest). Some classes such as C12 (upland forest/
flooded forest) should be highlighted because they indicate increased environmen-
tal sensitivity to oil spills from low water to high water in river plains. This map is 
an important input for generation of a temporal environmental sensitivity index. 
In this study, such a product refers to the transition from low water in September 
1995 to high water in May 1996, when orbital images were obtained for JERS-1 SAR 
mosaic composition.

Figure 3. 
USTC result for the flooded season (may 1996; high water). Modified from [11].

Figure 2. 
USTC result for the dry season (October 1995; low water). Modified from [11].
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4.2  An analytical method using linguistic rules for the construction of a risk 
matrix

4.2.1 The risk matrix

One way to qualitatively or semi-quantitatively assess risk is to create a ranking 
with a risk matrix [3, 26]. According to Markowski and Mannan [27], a risk matrix 
(RM) is a tool that subjectively allows for the assessment of different analytical 
processes. The basis for defining a RM is the association of severity or possible 
consequences in each scenario with the frequency with which certain event occurs. 
A RM is developed through the following steps: (1) characterization and scaling of 
the severity of the consequences and the frequency of an event, (2) characterization 
and ranking of the risk, (3) establishment of the basic rules focused on the risk, and 
(4) graphical editing of the risk matrix.

Figure 4. 
Landscape change map from October 1995 (low water) to May 1996 (high water). Modified from [11]  
(see Table 3 for the definition of classes of change (C1 to C16).

Risk matrix Probability of hydrological change

Extremely 
unlikely

Unlikely Rare Likely Frequent

Environmental 
sensitivity to 
oil spill

Catastrophic 0.20 0.40 0.60 0.80 1.00

Critic 0.15 0.30 0.45 0.60 0.75

Marginal 0.10 0.20 0.30 0.40 0.50

Negligible 0.05 0.10 0.15 0.20 0.25

Table 3. 
The risk matrix for the impact of an oil spill in Amazonian environments subject to changes due to flooding.
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The number of hierarchical levels should be determined as needed by the prob-
lem. Considering the environmental sensitivity to oil spills, they may, for example, 
be designated as catastrophic, critical, marginal, and negligible. The graphical 
representation of the risk matrix should be simple in order to easily convey the risks 
involved in a set of rules.

A RM was developed to assess the environmental risk for oil spills in the 
Amazonian landscape within half hydrological cycle based on the following pre-
defined rules: (1) landscape changes that exist are reliable within half hydrological 
cycle (from drought to flood), and (2) the environmental impacts of an oil spill 
depend on variations of the hydrological regime. The combination of these two 
sets of rules can provide the environmental risk involved in oil pipeline and fluvial 
transportation for each combination of landscape change (Tables 3 and 4).

4.2.2 Fuzzy modeling of the environmental sensitivity

The use of fuzzy logic allows for the capture and integration of scientific and 
local expert knowledge about the phenomenon being studied using heuristic 
“if-then” rules [26]. Fuzzy logic provides a powerful approach for classifying and 
monitoring environmental conditions related to flooding and describing the nature 
and severity of changes occurring over time.

The fuzzy modeling employs a symbolic representation of those classes, which 
is used to estimate the risk of each type of landscape change, based on the linguistic 
interpretation of the symbols and the RM defined in Section 4.2.1. The fuzzy mod-
eling computes the function that converts the classes of change into levels of risk, as 
defined by the rule set in Eq. (3). In the present study, n = 16 classes of change will 
be mapped into m = 3 classes of risk. The fuzzy model is conveniently computed as 
a TS model (Eq. (4)), where risk is represented by a continuous parameter vector  

Class of 
change

Class name: dry season Class name: flooded season Level of risk θ

C1 Water Water Low 0.25

C2 Flooded veget. Water Intermediate 0.4

C3 Flooded forest Water Intermediate 0.4

C4 Upland forest Water Low 0.3

C5 Water Flooded veget. Low 0.3

C6 Flooded veget. Flooded veget. High 1

C7 Flooded forest Flooded veget. High 0.8

C8 Upland forest Flooded veget. Intermediate 0.6

C9 Water Flooded forest Low 0.3

C10 Flooded veget. Flooded forest Intermediate 0.4

C11 Flooded forest Flooded forest High 1

C12 Upland forest Flooded forest Intermediate 0.6

C13 Water Dry forest Low 0.1

C14 Flooded veget. Dry forest Low 0.1

C15 Flooded forest Dry forest Low 0.1

C16 Dry forest Dry forest Low 0.25

Table 4. 
Level of risk for each class of change and the respective model parameters.
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θ ∈ Rn, in which each component represents the environmental sensitivity index of 
each class of landscape change:

   u  k   (t)  =     ‖x (t)  −  𝛚𝛚  k  ‖      
2 ___ γ−1     _____________  

 ∑ 
 
  

 
   n k=1  ‖x (t)  −  𝛚𝛚  k  ‖      

2 ___ γ−1   
  ,  (3)

where ϖk є R2 is the coordinates of the center of each class of change k, k = 1, ...n, 
and γ is the parameter that adjusts the fuzziness of the membership function, i.e., 
the grade that membership functions overlap, usually 1.2 ≤ γ ≤ 2.0:

   C  k   →  L  l  , k = 1, … n l = 1, … , m  (4)

The temporal environmental index is computed from the input variable defined 
in R2, which represents the backscatter space of the dry and flooded season data, 
following the work of Hess et al. [28]. The input variable is the vector x(t) = [x_D (t), 
x_F (t)], where x_D (t) is the coefficient of backscatter LHH in the dry season (dB) 
and x_F (t) is the coefficient of backscatter LHH in the flooded season (dB).

The fuzzy model computes a smooth approximation of the risk values of each 
class of change according to the membership vector of each pixel to the classes of 
change.

4.2.3 The temporal environmental sensitivity index map

The map depicting temporal environmental sensitivity index (TESI) values is 
presented in Figure 5. They range in the interval [0,1] in order to avoid abrupt tran-
sitions between contiguous landscape change classes. The achieved results portray 
a broad spectrum of flooded forest with TESI values between 0.6 and 0.7, as well as 
several minor regions with higher values.

The TESI values obtained by the proposed methodology were compared with 
field checks at the Coari terminal (TESOL). Figure 6 presents the map of the 16 
landscape change classes and the TESI map. Inserted in each panel of Figure 6 are 
the location of each field checkpoint and profiles of different values of the TESI 
obtained by the fuzzy modeling approach.

At PT06, people live on the bank of the river, occupying a small space on stilts 
surrounded by different flooded and dried plant species (Figure 13h). The land-
scape change map assigns PT06 to class C4, which corresponds to upland forest that 

Figure 5. 
Results of the temporal environmental sensitivity index (TESI).
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is covered by water (i.e., completely drowned) in the flood season. For this point, 
TESI = 0.5810; the local environmental conditions suggest that this value agrees 
well with the intermediate risk assigned to this area.

In PT07, near TESOL (Figure 13g), it is possible to clearly see the closed canopy 
of the flooded forest, with only the tree tops and a few trunks above the waterline. 
The C8 class indicates that the upland forest is flooded here in the high water sea-
son. The TESI value shows that PT07 has an intermediate risk if oil is spilled there.

4.3 A computational method to represent fluctuations of the seasonal inundation

The following data were used in this part of the study:

• JERS-1 SAR mosaics submitted to the USTC classification procedure.

• SRTM C-band data, located in the border portion of Sheet SB.20-V-B, as a basis 
for the extraction of altimetric information.

• SWBD mask (SRTM Water Body Data), which is a by-product of the digital 
elevation model (DEM) generated by SRTM, with the objective of portraying 
bodies of water that meet the minimum criteria of capture, which resulted in 
the identification and delimitation of lakes and rivers existing in the region of 
Coari, in the shapefile vector format.

• Data of fluviometric measurements acquired through the National Water 
Agency (ANA), where a historical series of water level in Coari was obtained, 
from 1982 to 2010, which made it possible to infer the main moments of the 
water regime of the area investigated, characterized by low water, high water, 
receding water, and rising water.

It is worth mentioning that under the dense vegetation conditions of the 
Amazonian environment, there are limitations of the SRTM altimetry, which refer 
to the crown of the trees in the C bands. Therefore, it is necessary to this DEM with 
other sources of information, in order to produce a proper interpretation.
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Using SRTM data, it was possible to develop the following cartographic 
products:

• Topographic contour lines, which show the low altitudinal amplitude char-
acteristic of the region, as a very unfavorable condition to the analysis, aggra-
vated by the SRTM DEM ambiguity, as mentioned above. This reflects the 
limited penetration in the canopy of the radar pulse, because the Amazonian 
biome is predominantly composed of dense forest (trees with an average height 
of 20 meters). Therefore, it is necessary to interpret the contour lines together 
with the USTC-classified JERS-1 SAR mosaics. Such a procedure allowed 
verifying that the limits of potentially floodable areas coincide with the 40 m 
contour line. Furthermore, in the terrain located below this topographic level, 
there are flooded forests and macrophyte banks. It was also verified, locally, 
that the greater penetration in the vegetation of the JERS-1 SAR L-band signal 
allowed the delineation of flooded forests even above 40 meters (Figure 7). 
The criterion used to consider the terrain below 40 m as constituted by flooded 
forests and macrophyte banks, when the maximum water level in Coari occurs 
(approximately 20 m) and also taking into account the average tree height in 
the Amazon region (20 m). According to the fluvial sensitivity index to oil 
spills [5], the aforementioned areas, during the flood season, correspond to 
10b (flooded vegetation) and 10a (aquatic macrophytes) (Table 2).

• The elevation map (Figure 8), showing the altimetric classes derived from the  
contour lines, allows to point out features that are not very prominent in the 
landscape, but which configure steep stretches along the shores of Coari and 
Mamiá lakes. An expressive drainage network was developed in the most 
elevated areas, which are not, however, subject to flooding. On the other hand, 
the removal of the vegetation cover allows the hydrographic network to be 
exposed more clearly in the periphery of the urban center of Coari. The distribu-
tion of the altimetric classes reveals the presence of characteristic features of the 
investigated area, such as plateaus and floodplains with many depressions [6].

• The slope map (Figure 9), in which flat relief corresponds to slopes varying 
from 0 to 3.7%, gentle undulations range from 3.7 to 9.3%, and moderate undu-
lations whose present slopes above 10%. In this product, significant terrain fea-
tures are observed, such as the plateaus (cyan) that are not restricted to a single 
hypsometric unit, since they occur in different altitudes. In addition, there are 
very steep river banks, which are naturally more susceptible to erosion.

In addition to the cartographic products, the water-level historical series of 
Coari was examined (Figure 10). This permitted to infer the different phases of the 
hydrological cycle. Thus, in the flood period, rivers can reach up to approximately 
18 meters, while in the most intense droughts, the water can reach values less than 
2 meters. The lowest water level was recorded in October 1998, reaching 1.86 m; 
the largest flood occurred in July 1999 with the water level at 17.68 m.

Considering that the acquisition of orbital data for the SRTM mission took place 
between February 10 and 20, 2000, the analysis of the historical series also made 
it possible to gauge the apportionments in that period for the water level in Coari, 
between 932 and 985 centimeters.

The water level during the SRTM mission (February/2000) ranged between 932 
and 985 cm.

After performing the procedures mentioned above, it was necessary to imple-
ment algorithms on MatLab to use a morphological operator, known as watershed, 
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described by Meyer [29] and with an algorithm elaborated by Gonzalez [30]. The 
objective was to simulate a flood process on the hypsometric map extracted from 
SRM DEM. This technique interprets the gray-scale image as the expression of the 

Figure 8. 
Elevation or hypsometric map of Coari with altimetric classes ranging from 0 to 80 m (see Figure 1 for 
location). Compare with the location of flooded forest areas in Figure 8. In a, b, c, and d, there are examples 
of steep scarps on the margins of the Coari and Mamia lakes. In e, f, and g, the relief seems to be structurally 
controlled by geologic features oriented roughly E-W. Source: Silva et al. [6].

Figure 7. 
Illustrative diagram using 40-m contour lines, superimposed on the USTC-classified JERS-1 SAR mosaic at the 
high-water period (a), resulting in the interpretation of (b). The inserted time series shown in (c) indicates 
the maximum and minimum water levels in the Coari region. The areas in yellow represent flooded forests in 
USTC classification of JERS-1 SAR images. Letters (g) and (h) refer to flooded forest stretches in areas higher 
than the 40-m level, with restricted spatial distribution. Source: Silva et al. [6].
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Figure 9. 
Slope map, in which the gradient is calculated as a percentage. Source: Silva et al. [6].

Figure 10. 
Water-level time series in Coari, indicating the maximum high- and low-water periods, as well as the levels 
below observations carried out in the SRTM data acquisition period (red rectangle). Source: Silva et al. [6].
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Figure 11. 
Fluvial oil spill sensitivity index map in the Coari region (AM) during the high-water period, according to the 
criteria established in Araújo et al. [9] and as a modification of Petrobras [21]. Stretches from the slope map 
(Figure 9) corresponding to steep scarps are assigned to index 4. The points a, b, c, d, e, f, g, and h can be seen 
in Figures 12 and 13. Index 10 shown here includes 10a and 10b from Table 2.

Figure 12. 
Photographic records of points checked in the field (27 May 1998; high-water period) in Lake Coari, where it is 
possible to observe (a) flooded forest, (b) aquatic macrophytes, (c) flooded forest, (d) aquatic macrophytes,  
(e) Ariá Island, Solimões River, and (f) aerial photograph of Coari city at the confluence of Lake Coari and 
Solimões River (see Figure 11 for location). Source: Silva et al. [6].
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topographic relief, where at each level an altitude is assigned proportional to its 
value, so that the procedure “flood the image” from the lower regions gradually 
submerges the features. By simulating the flooding process, the watershed morpho-
logical operator works with the water level information to make the results reliable. 
In fact, the flooding process starts from the maximum water level value found in the 
SRTM mission period (985 cm).

This method carried out a classification that maps areas of the same topographic 
meaning in the image. In this procedure each pixel was incorporated into a cluster 
by the measure of similarity of Euclidean distances. The classifier compares the 
Euclidean pixel distance to the average of each cluster, iteratively, until the entire 
image is sorted. Thus, for each level, segments were obtained by configuring the 
flood limits, duly obeying the topographic levels, as per the maximum value, in 
which the highest level of fluvial apportionment in Coari was recorded, and the 
minimum value, referring to the SRTM mission date which corresponds to the flood 
period of the Amazonian hydrological cycle (February 2000).

Figure 11 shows the results achieved with this approach, which successfully 
integrated the products discussed so far, i.e., the criteria for fluvial environmental 
sensitivity to oil spills in the Amazon region, the cartographic products extracted 
from the SRTM DEM, and the Coari water-level time series.

Figure 13. 
Photographic records of points checked in the field, where it is possible to observe (g) panoramic view obtained 
in August 2008, upstream of the Solimões River’s confluence with Lake Coari. From this point downstream, 
inundation in the high-water period contributes to the formation of the Ariá Island, (h) right margin of the 
Solimões River exhibiting evidence of erosion (see Figure 11 for location). Source: Silva et al. [6].
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It is possible to verify in Figure 11 the predominance of index 10 inside the 
Coari and Mamiá lakes (considering the fusion of classes 10a and 10b of Table 2). 
In these lakes, the segments of its banks are attributed to index 4 and are associated 
with escarpments developed in the sedimentary cover in the presence of corrugated 
relief subject to erosion by the fluvial action (Figure 11). Similar escarpments are 
observed on the right bank of the Solimões River, downstream of the city of Coari. 
Other sites in Figure 11 were classified as confluent zones of rivers and lakes (index 9),  
as shown in Figures 12e, 13g and h. Figure 8e shows a strip of land on the edge of 
Ariá Island, located in the Solimões River.

5. Conclusions

The studies herein presented summarize innovative approaches in the use of 
spaceborne LHH SAR images such as the ones acquired by the JERS-1 SAR satel-
lite, aiming for the development of an environmental sensitivity index to oil spills 
adequate for the fluvial variations of Central Amazonia, with an initial application 
for half of the hydrologic cycle. The JERS-1 SAR mosaics correspond to the low 
water season (September–October 1995) and the subsequent high water season 
(May–June 1996).

The USTC algorithm enabled the construction of thematic maps to meet the 
computational requirements of engineering applications that demand the expedi-
tious identification of flooded area maps. In this work, four classes of interest were 
considered: water, flooded vegetation, upland forest, and flooded forest.

The risk analysis method using linguistic if-then rules derived from expert 
knowledge and data statistics proved to be an efficient method for remapping 16 
landscape change classes. Consequently, this approach could illustrate the potential 
risks in the fluvial transportation of oil in environments subject to intense seasonal 
variations in the water level, such as in the Central Amazon.

The procedure based on symbolic fuzzy modeling performed as expected is that 
it identified the boundaries of landscape change classes using TESI values. Such an 
approach considered the radiometric centers pertaining to the 16 landscape change 
classes defined by backscatter values of dry and flooded JERS-1 SAR mosaics.

Finally, the watershed technique satisfactorily represented the seasonality of 
the flooding process in the study area, as an aid to the determination of the fluvial 
sensitivity to oil spills in the Coari region. The achieved results offer a new perspec-
tive for the elaboration of products using the SRTM DEM in conjunction with the 
mathematical morphology and the study of water-level time series in the Amazon 
region.
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Chapter 6

River Plume in Sediment-Laden 
Rivers
Levent Yilmaz

Abstract

Fractal dimension, which is a measure for the degree of complexity or that of 
fractals, is given for the erosion and sedimentation of fluvial beds. An alternative 
to fractal dimension is ht-index, which quantifies complexity in a unique way while 
sediment particles begin to move if a situation is eventually reached when the 
hydrodynamic force exceeds a certain critical value. Back to question, the physi-
cal meaning of fractal dimension is that many natural and social phenomena are 
nonlinear rather than linear, and are fractal rather than Euclidean. We need a new 
paradigm for studying our surrounding phenomena, not Newtonian physics for 
simple systems, but complexity theory for complex systems, not linear mathematics 
such as calculus, Gaussian statistics, and Euclidean geometry, but online mathemat-
ics including fractal geometry, chaos theory, and complexity science in general.

Keywords: natural dimensions, nonlinearity, fractals, meanders, plume

1. Introduction

The conflicting definition of the braided pattern raises the issues concerning 
(a) the difference between midchannel bars and islands, (b) the precise nature 
of the interaction between flow stage and bars or islands, and (c) the differences 
between the mechanisms of channel divergence that lead to river patterns termed as 
“braided” and those defined as “anastomosing.” Consideration is given to the factors 
involved in determining the shear stress distribution at the flow boundary layer. 
The experimental results are presented in two parts. Experimental observations of 
meander evolution are described qualitatively. The most important parameter is the 
shear stress distribution, because of the inhomogeneous distribution of boundary 
layer meander features. At the wavy boundary layer, the shear stress distribu-
tion, measured with WTG-50 hot – film –anemometer is given graphically and 
theoretically.

Bankfull discharge is generally considered to be the dominant steady flow that 
would generate the same regime channel shape and dimensions as the natural 
sequences of flows would. This is because investigation on the magnitude and 
frequency of sediment transport has determined that for stable rivers the flow 
that transports most materials in the longer term has the same frequency of 
occurrence as bankfull flow. For stable gravel-bed rivers, this is considered to be 
the 1.5-year flood [1].

The objective of regime theory is to predict the size, shape, and slope of a stable 
alluvial channel under given conditions. The distribution parameter at the bound-
ary layer is a meander feature curvature with the scope of inhomogeneous shear 
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stress. A channel is characterized by its width, depth, and slope. The regime theory 
relates these characteristics to the water and sediment discharge transported by the 
channel empirically. Empirical measurements are taken on channels and attempts 
are made to fit empirical equations to the observed data. The channel characteristics 
are related primarily to the discharge, but allowance is also made for variations in 
other variables, such as sediment size.

For practical purposes, rivers are preserved to be in equilibrium (in regime) or 
in quasi-equilibrium with these characteristics, which have not changed over a long 
period of time. Canals usually maintain constant discharge, and regime relations 
may, therefore, be established using field data. However, field measurements for 
rivers are not usually suitable for establishing laws for rivers in regime.

If you use a ruler of k = 1000 m, you will need K rulers to run the entire river 
meander curvature. If you use a ruler of l = 500 m, you need L rulers and succes-
sively. What is the physical meaning of fractal dimension?

The number of rulers necessary to measure a meander curvature line M is 
proportional to the length of ruler m with an exponent D, where D is a constant that 
defines the dependence between the number of rules and the length of ruler and is 
known as a fractal dimension for measuring a river meander curvature.

It is intended to calculate fractal dimension slightly undulating line. It is found 
one code from net on boxcounting method (by [2]) and used for slightly undulating 
surface that is not given correct answer. Having x and z value of corresponding line. 
Is it possible to calculate from these values by any software/code [2]?

A characteristic feature of fractals is their fine structure. An object is known to 
have fine structure if it has irregularities at arbitrarily small scale. ‘Fractal dimen-
sion’ attempts to quantify the fine structure by measuring the rate at which the 
increased detail becomes apparent as we examine a fractal ever more closely. Fractal 
dimension indicates the complexity of the fractal and of the amount of space it 
occupies when viewed at high resolution. All definitions of dimension depend on 
measuring fractals in some way at increasingly fine scales.

A fractal, strictly speaking, has no “physical meaning.” It is like asking about 
some curve we see on some Cartesian 2D coordinate frame-“what is its physi-
cal meaning? Or the curve, the function which we may have available to help us 
understand it and the frame of reference are all constructs of what we can now say…
for purposes of brevity…is our intuition and our urge to express ourselves in ways 
that somehow help us deal with or cope with actions we have to take either now or 
in the future.

Thus, the lines we see on the graph paper have no physical meaning, per se. But 
that does not mean they have no “use.” In fact, “use” is perhaps the best notion of 
“meaning.” Their use if those who may be able to co further with those constructs 
and incorporate them into models they might work with in regard to various 
inquiries in science. Unfortunately, there has been little inquiry into just how and 
in which way and why fractals may be of use. We only tend to “look at the computer 
screens” and think that we “are seeing” something beyond some interesting calcula-
tions in complex number space.

In the end, complex numbers and their spaces are of far more use than real 
numbers and Euclidean-style geometries. Hopefully, we will be able to hone our 
intuitions to make use of them and of fractals in a wide range of pursuits, and, 
among them would be those understandings of ourselves and matters of human 
engagement that cannot begin to be approached with real number spaces and 
Euclidean assumptions about “reality.”

“Reality” itself is an entirely flawed concept, which is rooted in our intuitions 
and imaginations being locked into a limited “real number/Euclidean/Cartesian” 
model for thinking and expressing ourselves. When we then speak of “reality,” we 
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expressly bring up the intrinsic nonsense and paradox of Cartesian coordinates and 
the real numbers. Fractals are the first message or signal to us that we can, in the 
long run, learn more about the universe and about ourselves via the creative “use; of 
complex numbers and indeed of complex number spaces and those number spaces 
further down the road of honing of intuitions such as quaternions and octonions…
as well. Their beauty is a great lure and clue that there is much more than meets the 
eyes in our numbers…and that complex numbers can enable us and our mind’s eye 
to see what real numbers cannot [3].

That is then the first step to using them and using fractal awareness within our 
other engagements with the so-called physical world.

2. Method

The body is where most of the objects found in nature possess irregular shapes 
that cannot be quantified with the help of standard Euclidian geometry. In many 
cases, these objects have a peculiar character of self-similarity where a part of the 
object looks like the whole [4]. Such objects are known as fractals and the associ-
ated degree of complexity of shape, structure, and texture is quantified in terms of 
fractal dimension (Figure 1). Natural fractals do exhibit self-similarity and scale 
invariance; however, this is present to a limited extent [5]. For example, a part of 
a cauliflower may look like the whole, but if further division is made, the result-
ing part may not resemble much the original cauliflower after several steps. The 
concept of fractal was first introduced by Mandelbrot in the year 1980; he showed 
that the concept of fractal can be used to quantify the complexity of shape associ-
ated with irregular geometry [2].

3. River meander curvature fractals

Fractal dimension of the curve is found from the slope of the best fitting straight 
line to the data (fractal dimension = 1 – m), where m is the slope of the straight 
lime.

Richardson’s plot technique using rulers or segments of different sizes [6].
It is seen from Figure 2 that for a given line with irregular shape, the number of 

segments or rulers of a given size increases as the size of the ruler is decreased. This 
results in different measures of the length of the curved line and the complexity of 

Figure 1. 
Examples of naturally occurring fractal patterns in nature [5].
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the shape is related to this difference. For a straight line, the measurements made 
using different sizes of rulers or line segments result in the same length, whereas for 
complex curves, the measured distance is larger and larger as smaller and smaller 
ruler sizes are used. The fractal dimension is related to the complexity of shape 
associated with the curve and a higher fractal dimension stands for a higher degree 
of complexity of the pattern analyzed.

If the object can be represented by a two-dimensional binary images in a com-
puter screen or a matrix, which can be input from a digital camera or an image 
scanner, the fractal dimension estimation can be described as follows:

For an object in two-dimensional Euclidean space, the mass-radius (MR) rela-
tion is expressed as the mass included is proportional to the square of the circle of 
radius r or.

  M (r)  =  r   2   (1)

As an example, the area of a square measured by using circular discs of increas-
ing sizes is directly proportional to the square of the radius of the disc used for the 
measurement. The power law exponent “2” is therefore the Euclidean dimension 
(a square is two-dimensional); however, the mass of a fractal object changes with a 
fractional exponent such that (1 < D < 2):

  D M (r)  = r  (2)

From this power law, the fractal dimension “D” of the object can be found as 
log(r):

  log  (M (r) )  = D″  (3)

Figure 2. 
River meander curvature fractals [1].

87

River Plume in Sediment-Laden Rivers
DOI: http://dx.doi.org/10.5772/intechopen.90089

Here, D is the slope of the straight line describing the log(M(r)) versus log(r). 
The two-point correlation function (C(r)) is related to the MR relation that can be 
used to determine the fractal dimension. For a fractal, C(r) decays as per the power 
law of a measuring distance (ruler size) r:

  D C (r)  = R  (4)

where D is the fractal dimension.
Since the ruler has a finite length, the details of the curve that are smaller than 

the ruler get skipped over and therefore the length we measure is normally less 
than the actual length of the curve. This can be seen in Figure 3 where three rulers 
of different lengths are used to determine the length of the curve. The fractal 
dimension is estimated by measuring the length L of the curve at various scales. 
Also, it is true that as has been discussed in the use of ruler method the starting 
point or origin position affects the count or number of boxes required; here too, 
the estimated value of L may vary depending on the starting position. It is recom-
mended that the same procedure be repeated at different starting positions [6]. 
This method of determining the fractal dimension of a boundary or a curve is also 
referred as “structured walk.” Longley and Batty [8] discuss number of variants of 
this basic procedure. Normant and Tricot [3] have described an alternative estima-
tion algorithm, termed the “constant deviation variable step (CDVS) method” that 
emphasizes the local behavior of the curve.

4. Self-similarity (concept)

The term self-similarity came into existence about 40 years ago that too in 
a relation to fractals and fractal geometry [6]. Fractal structures are said to be 
self-similar, when part of the object looks like the whole object under fractal 
dimension and self-similarity appropriate scaling, that is, the structure looks like 
a reduced copy of the full set on a different scale of magnification. The beauty 
of these clusters is that each of these smaller clusters again is composed of still 
smaller ones, and those again of even smaller ones. The second, third, and all 
the following generations are essentially scaled down versions of the previous 
ones. However, this scaling cannot be indefinitely extended; after certain stage, 
the smaller pieces may not perfectly represent the original shape; and this is the 
characteristic of natural fractals. In general, this is termed as self-similarity or sta-
tistical self-similarity. Thus, natural fractals exhibit self-similarity over a limited 
range and naturally occurring fractals usually exhibit statistical self-similarity 
[8], whereas mathematical fractals exhibit self-similarity at all length scales and 
thus are strictly self-similar.

Fractals are also strictly self-similar if they can be expressed as a union of sets. 
Geometric fractals may be composed of exact replicas of the whole object with 
which they are strictly self-similar [3].

Figure 4 exhibits the fractal properties of self-similarity, where MATLAB was 
used to create a binarized version of the image (Figure 5) [2].

Figure 3. 
Irregular shape of a line is analyzed using the ruler method.
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Figure 5. 
Sierpinski triangles and Koch curve [7].

5. Theoretical study

The increased concern with riverbank erosion has increased the demand for 
theoretical models that can predict flow and bed features in a meandering alluvial 
channel where the flow in such a channel is complex than that in a straight channel 
in the nature.

In order to plan, design, construct, or maintain bank-erosion control structures 
and river-basin projects in general, the meander characteristics must be quantified 
by the point bar and deep pool bed topography near the apex of each bend [1]. The 
relations for depth and depth-averaged mean velocity are developed using stan-
dard flow equations with simplifications in the theory of river plume in sediment-
laden rivers.

Clouds, shapes of mountains, clouds, trees, stars and the flood of rivers, river 
meanders were of the old concerns of human which are interested in searching 
behind the universe and cosmos, motion of planets, ocean waves, the structure and 
dynamics of the universe by the scientists. Checking behind the seemingly complex 

Figure 4. 
Both the ht-index and fractal dimensions, characterizing fractals from different perspectives [4].
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and chaotic nature of universe resulted in the emergence of chaos and complexity 
sciences. Fractal, chaos, catastrophe, and complexity theories are all concerned 
with the behavior of the complex dynamic theories.

The complex theoretical study of complexity was named edge of chaos that is a 
middle area between static and chaotic behavior of the natural systems where the 
complexity science is interested by the dynamic system means that change by time.

It is interested in how disorder gives way to order in reality. This theory studies 
the interaction between elements of complex system and subsystems, which is not 
about the sum of its agents but the relationship between parts and how they interact 
and adapt to the surrounding environment of nature.

With the difficulty of the complexity theory, the notion of nonlinear, feedback, 
and self-organized universe was introduced by mathematicians.

Here, the bottoms-up concept of organization replaced the machine-oriented 
ideas: that structure is designed into the system. This new theory was introduced by 
the mathematician Benoit Mandelbrot in the 1970s to explain the complexity of the 
systems, which are explained as follows: clouds are not spherical, mountains are not 
conical, river meanders are not circle and barks are not smooth, etc.

When the development of the nonlinear complex system behavior was given, it 
will take a geometrical mathematical form whose shape is geometrically fractal “an 
object that is chaotic in space is called fractal.”

This new geometry is an extension of the classical geometry; it’s a practical 
geometric middle ground between the extreme order of Euclidean geometry and 
the geometric chaos of general scientists. Discrete mathematics is the core founda-
tion of fractal and fractal geometry where algorithms create the magic and simple 
algorithmic rules generate the fractal-rich structures.

6. Discussion

Theory of emergence, self-organization, evolution, and cosmogenesis rejected 
the concepts of determination, mechanism, reductivism, and materialism whose 
shift in thought had been reflected on engineers and architectures as well starting 
from Venturis’ ideas for architects to fractal in architecture.

These views of complexity appear to be contradicting and rejecting modernism 
concepts in civil engineering, which is refused the plainer, clean, white architecture 
of modernism; instead, his ideas were directed to the indirect engineering mean-
ings, forms, and compositions that satisfy the mind. Chaotic theory makes one 
think how things are put together; it takes time to be perceived and decoded. What 
chaotic theory was aiming for in civil engineers was actually found in the character-
istics of fractal whose geometry plays an integral role between natures’ complexity 
and civil engineering.

In civil engineering, starting from design views in 1960s through the postmod-
ernism movement and till the digital age, engineers have started to design iconic 
cosmo-related works as it is called tending to be esthetically attractive.

The modernism perception of ornament is a crime was changed for the sake 
of nature. Where thoughts of ornaments as expensive decoration and it is a 
crime for the economy, waste of raw material and manpower. New thoughts were 
rejected and postmodernists returned to think about nature where they agreed 
that nature is the regulator morphology of the universe patterns and of the 
earth’s surface occurrences. Nature is the source of patterns and the most which 
are complex ones.

In the new area with the use of computers, architects tend to create computer-
generated natural occurrences and organizational patterns where the natural 
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concepts in civil engineering, which is refused the plainer, clean, white architecture 
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designs became much more complex and in the shape of natural ornaments like 
river plume in sediment-laden rivers. Hydraulics engineers’ interest was directed 
to create natural designs in river curvatures like growing elements of meanders 
in the plume. The postmodern engineers’ goal became esthetic creating com-
plexity by subdividing the elements into billions of smaller units. They thought 
to create cellular self-generating growing natural ornaments that generate the 
whole natural body whose work may ripple in river plumes and undulate like 
frozen vegetation, and it is often based on cellular forms that vary as nature’s 
fractals.

As presented in the previous engineering examples, the use of fractal charac-
teristics transformed from architectural morphology of masses to natural occur-
rence design where fractal characteristics of scaling are used, and this project was 
successful in showing it on various dimensions, in the articulation of masses and 
spaces. This idea of producing the form in different scales to be distributed on the 
earth’s surface of complex phenomena and inside the project, enrich the idea of 
scaling and emphasize on it.

Since the 1990s, the use of fractal geometry has been presented more in geo-
metrical designs and engineering skin as shown in river plumes of different geo-
graphical districts.

Civil engineers depended on fractal geometry esthetically, which can be per-
ceived by users and public. The use of fractal geometry in architecture has neither 
appeared nor has been used in morphology, masses, and spaces. There is a risk of 
fractal geometry being narrowed to become a tool to create attractive geometrical 
patterns.

In river meander and plume, the fractal extruded river curvature of the mean-
ders was designed as an environmental solution to cool the space. In nature, we 
find that the fractal design of river plume was designed functionally as well as 
esthetically. In natural phenomena, the curvature extension (the spiral), the spiral 
river design that is covered with fractile, was given as dune design to direct plumes’ 
circulation and create the river boundary layer spaces. In these two examples, the 
forming of ripples and dunes in hydrodynamics plays a role in the hydraulics engi-
neering where fractal geometry is still fixed on the river plume boundary layers. It 
works as an ornament, which decorates the bottom of plumes in artificial design, 
that can be replaced by whatever other motif depending on the engineers’ choice in 
artificial design of boundary layers.

As presented in the examples, the use of fractal geometry in designing of river 
plume bottoms consists of subripples and dunes that contain elements that have the 
same shape. This prototyping makes it easy in realizing the natural occurrence of 
river plume’s design.

Which overturns some researchers argument that new theory of chaotic behav-
ior is waste of money, time, and manpower by the use of fractal geometry in civil 
engineering and skin design became more economically efficient method because 
of prototyping some new ideas from nature and space.

7. Results

In contrast to river plume fractal dimensions, statistical fractals are self-affine 
fractals, or statistically self-similar; they are composed of statistically equivalent 
replicas of the whole object. Examples of strictly self-similar fractals are Sierpinski 
triangles, Koch flake, etc. as shown in Figure 6; the most fractal looking in nature 
do not display this precise from. The presence of self-similarity in the objects 
characterizes them as fractal.
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Figure 6. 
Meander curvature in nature as defining the fractal dimensions [1].
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Abstract

The river discharge monitoring networks are generally sparser and more recent
than those of other hydrological variables, like rainfall or temperature. Further-
more, most of the streamflow series show long periods without records and several
gaps, thereby limiting their use. Hydrological modeling provides a tool to overcome
the poor quality of the streamflow data. However, its applicability to fill in the gaps
or increase the time spans of the existing series and also to estimate streamflows at
ungauged catchments depends on the simplicity and on the few data requirements
of the approach selected, which makes the water balance models suitable choices. In
the previous scope, the role of evapotranspiration in a water balance model was
investigated for Portugal based on two approaches: a more complex with more data
requirements, the Penman-Monteith method, and a very simple one only based on
temperature data, the Thornthwaite method. The results showed that the monthly
streamflows estimated based on any of the previous evapotranspiration models are
almost the same. In fact, when the differences between the two models are higher,
the surface runoff process is no longer controlled by the evapotranspiration but
instead by the absence of rainfall and by the dryness of the soil.

Keywords: water balance model, evapotranspiration, Penman-Monteith,
Thornthwaite, data scarcity

1. Introduction

The scarcity and the deficient quality of the discharge data are common prob-
lems in hydrological modeling. In fact, most of the river basins across the world are
ungauged or poorly gauged, without in situ monitoring for the most relevant
hydroclimatic variables [1], with emphasis on river discharges. Such whole spectra
of cases are embraced now under the term “ungauged basins” meaning catchments
where meteorological data or river flow, or both, is not measured [2]. The predic-
tion in ungauged basins (PUB) is so relevant that in 2003, the International
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Effect of the Evapotranspiration of
Thornthwaite and of Penman-
Monteith in the Estimation of
Monthly Streamflows Based on a
Monthly Water Balance Model
Maria Manuela Portela, João Santos
and Ticiana Marinho de Carvalho Studart

Abstract

The river discharge monitoring networks are generally sparser and more recent
than those of other hydrological variables, like rainfall or temperature. Further-
more, most of the streamflow series show long periods without records and several
gaps, thereby limiting their use. Hydrological modeling provides a tool to overcome
the poor quality of the streamflow data. However, its applicability to fill in the gaps
or increase the time spans of the existing series and also to estimate streamflows at
ungauged catchments depends on the simplicity and on the few data requirements
of the approach selected, which makes the water balance models suitable choices. In
the previous scope, the role of evapotranspiration in a water balance model was
investigated for Portugal based on two approaches: a more complex with more data
requirements, the Penman-Monteith method, and a very simple one only based on
temperature data, the Thornthwaite method. The results showed that the monthly
streamflows estimated based on any of the previous evapotranspiration models are
almost the same. In fact, when the differences between the two models are higher,
the surface runoff process is no longer controlled by the evapotranspiration but
instead by the absence of rainfall and by the dryness of the soil.

Keywords: water balance model, evapotranspiration, Penman-Monteith,
Thornthwaite, data scarcity

1. Introduction

The scarcity and the deficient quality of the discharge data are common prob-
lems in hydrological modeling. In fact, most of the river basins across the world are
ungauged or poorly gauged, without in situ monitoring for the most relevant
hydroclimatic variables [1], with emphasis on river discharges. Such whole spectra
of cases are embraced now under the term “ungauged basins” meaning catchments
where meteorological data or river flow, or both, is not measured [2]. The predic-
tion in ungauged basins (PUB) is so relevant that in 2003, the International

93



Association of Hydrological Sciences (IAHS) launched an initiative for 10 years
aiming at contributing to shift the scientific culture of hydrology toward improved
scientific understanding of hydrological processes so that data scarcity or
unavailability could be overcome [3].

As the majority of worldwide basins [3], the Portuguese ones are also ungauged
or poorly gauged. In fact, in Portugal, the systematic measurement of its river
discharges started much later than that of other hydrometeorological variables
resulting in much sparser monitoring networks with much more recent records.
Additionally, most of the discharge data series thus acquired have recurrent gaps,
either sporadic or for long periods, thereby limiting their use for both scientific
hydrological studies and design purposes. These circumstances bring forward the
need to apply hydrological models aiming not only at filling in the gaps in the
records or at increasing their time spans but also at estimating discharges at
ungauged catchments. Therefore, hydrological modeling can be looked as a tool to
solve the problem of the lack of river discharge data or of the poor quality of the
existing data.

However, almost regardless of the purpose of a hydrological model, its applica-
bility depends on its simplicity and on the compatibility between its data require-
ments and the available information.

The hydrological models may have different degrees of complexity [4]. One of
the disadvantages of using more complex hydrological models is that they require
more data and more considerable effort in parameterization.

Greater complexity, however, does not mean that a model is better. According to
Jakeman et al. [5], some simple models have performed more complex (or better
than) alternatives in some cases. Over-parameterization and a lack of appropriate
data for parameterization are a concern with complex models [6]. Fewer parame-
ters that only treat the fundamental processes—a parsimonious approach to
modeling—could sometimes be a better conceptualization of reality [7].

As a guiding principle, a relatively simple model is likely to be required if there
are limited data. The simplest model that can be usefully applied is one that captures
only those factors that are critical to the processes under study [8]. This was also
stressed by Hillel [9], who stated the following principles of a model development:

• Parsimony—the model should not be more complex than the required data and
should include the smallest possible number of parameter with values to be
computed from the data.

• Modesty—a model should not intend to do “too much”; there is no such thing
as “the model”.

• Precision—a model should not intend to describe a phenomenon with precision
higher than the capacity to measure it.

• Verifiability—a model must be verifiable, and it is always necessary to know its
limits of validity.

The previous constraints make the water balance approach most suitable for
many hydrological purposes, including those related to the improvement of the
quality/length of the discharge series.

The first water balance model based exclusively on rainfall and temperature was
developed in the 1940s by Thornthwaite [10] and later revised by Thornthwaite
and Mather [11]. They proposed two different conceptual models based on two
parameters: soil moisture capacity and water excess above the maximum soil
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moisture storage capacity. These models proved to be able to estimate monthly
runoff [12] and provided the basis of many other two-parameter hydrological
models [13, 14]. Several studies have shown that many models produce similar
results to those simpler previous ones, e.g., [15–18]. The more recent water balance
model of Temez model [19] also stands out among the available simplest models.

Although the Thornthwaite-Mather model is quite old, its recurrent use over
time for different water management issues in different hydrological environments
and the fact that many recent studies continue to adopt such approaches demon-
strate its current effectiveness, e.g., [20–23].

As for the second one, it has been widely used in Spanish catchments [24].
However, both methods make use of potential evapotranspiration evaluation,
which requires records of climatologic variables that are not usually readily avail-
able, except for rainfall and temperature.

In this context, the present study aims at understanding the role of different
procedures to compute the evapotranspiration in the estimates of monthly
streamflows obtained via the Thornthwaite-Mather monthly water balance model.
The two models for the evapotranspiration were the Thornthwaite and the Penman-
Monteith models. The former is recognizably simple since it only makes use of
average monthly temperatures. Conversely, the latter requires records of several
climatologic variables, which, in practical terms, makes it much more restrictive.
The validity of the results obtained is restricted to Mainland Portugal, which means
that there is an opportunity for additional research aiming at expanding the analysis
and its conclusions to other hydrological environments.

2. The potential evapotranspiration: the water balance model

Potential evapotranspiration (EVP) is the process of water transfer from the soil
to the atmosphere, either directly or through the plants when the water required for
such process is fully available. Potential and actual evapotranspiration are very
rarely measured due to the complex, expensive, and hard methodology required
(e.g., percolation gauge, weighing lysimeter). Several methods and models are
available for indirect evaluation, such as temperature-based methods [10, 25, 26]
and radiation-based methods [27] or combined methods, as the well-known
Penman-Monteith method [28].

According to Thornthwaite [10], the EVP (mm/month) for 1 month with Nd

days is given by Eq. (1):

EVP ¼ 16� 10
Tmed

I

� �α� �
� N=12�Nd

30

� �
(1)

where Tmed is the average air temperature (°C) in that month; I is an annual
heat index which depends on the monthly heat indexes which, in turn, are function
of the average air temperatures along the several months of the year, each with Nd

number of days; α is an exponent which also depends on I; and N/12 is the astro-
nomical day expressed in 12 h units of a 30-day month at the latitude where EVP is
to be calculated.

The Penman-Monteith method yields to the potential evapotranspiration for a
soil wholly covered by a reference culture (grass in active growth, with uniform
height, and free of water supply limitations) [29], and, for this reason, this evapo-
transpiration is frequently called reference evapotranspiration, EV0. The calcula-
tion of EV0 (mm/day) for a given place can use Eq. (2):
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strate its current effectiveness, e.g., [20–23].

As for the second one, it has been widely used in Spanish catchments [24].
However, both methods make use of potential evapotranspiration evaluation,
which requires records of climatologic variables that are not usually readily avail-
able, except for rainfall and temperature.

In this context, the present study aims at understanding the role of different
procedures to compute the evapotranspiration in the estimates of monthly
streamflows obtained via the Thornthwaite-Mather monthly water balance model.
The two models for the evapotranspiration were the Thornthwaite and the Penman-
Monteith models. The former is recognizably simple since it only makes use of
average monthly temperatures. Conversely, the latter requires records of several
climatologic variables, which, in practical terms, makes it much more restrictive.
The validity of the results obtained is restricted to Mainland Portugal, which means
that there is an opportunity for additional research aiming at expanding the analysis
and its conclusions to other hydrological environments.

2. The potential evapotranspiration: the water balance model
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to the atmosphere, either directly or through the plants when the water required for
such process is fully available. Potential and actual evapotranspiration are very
rarely measured due to the complex, expensive, and hard methodology required
(e.g., percolation gauge, weighing lysimeter). Several methods and models are
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EV0 ¼ 0:408Δ Rn � gð Þ þ γ 900
Tmedþ273 v2 ea � edð Þ

Δþ γ 1þ 0:34U2ð Þ (2)

where Tmed is the average air temperature (°C), Δ is the slope of the saturation
vapor pressure temperature relationship (k Pa°C�1), Rn is the net solar radiation
(MJ m�2 d�1), g is the soil heat flux (MJ m�2 d�1), γ is the psychrometric constant
(k Pa°C�1), v2 is the mean wind velocity 2 m above the ground (ms�1), ea is the
vapor saturation tension at temperature T (kPa), and ed is the actual vapor tension
(kPa). The calculation of some of the previous variables, besides its complexity,
may also require the average maximum and average minimum air temperatures, the
average air relative humidity, and the global solar radiation.

Thornthwaite method seems to underestimate the potential evapotranspiration
in Mainland Portugal [30, 31], while the Penman-Monteith method tends to
overestimate it [29]. Its results are, however, more satisfactory in a large number of
different climatic, timescale, and location constraints [29].

The Thornthwaite-Mather water balance model applies the mass equation along
time to an element of the terrestrial phase of the hydrologic cycle by calculating the
water fluxes “entering” that element, those “leaving” it, and the variations in the
water storage within that same element [10, 32–34] according to

P ¼ Sþ EVAþ ΔS (3)

where, for a given time interval, P is the rainfall, S is the water excess or
superavit, EVA is the actual evapotranspiration, and ΔS is the water storage
variation (all variables expressed in the same units).

The previous water balance model does not consider the heterogeneity of the
watershed, the deep infiltration, and the complexity of the water movements
(either on the surface or in the ground). In addition, it does not consider that
surface runoff occurs whenever the rainfall intensity exceeds the infiltration rate.
Despite these simplifications, it may be considered that the water excess or
superavit, S, represents the upper limit of the surface runoff.

Within these conditions, the water balance model can be used to estimate the river
discharges. In order to do so and after assigning to the soil a maximum useable water
storage capacity (Smax), the model assumes that, as long as there is water availability
(either storage in the ground or from the rainfall), the actual evapotranspiration rate
is equal to the potential evapotranspiration; otherwise, it will occur at a lower rate.
Furthermore, it also assumes that there is no onset of surface runoff if the capacity to
store water in the soil is not filled up, even if the rainfall intensity exceeds the
infiltration rate. The amount of water in the soil in the months where rainfall is lower
than evapotranspiration can be calculated by Mendonça [35]:

ASi ¼ ASi�1eLi=Smax (4)

where AS (mm) represents the water in the soil in month identified by the
index, Smax is maximum useable water storage capacity, and Li (mm) is the
water potential loss (i.e., the difference between the rainfall and the potential
evapotranspiration) accumulated since the onset of the dry period up to month i.

3. Case studies and data

The precipitation regime in Portugal is highly irregular both in space and in time
and, in this last case, either within the year or among the years [36, 37]. On average,
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around 70 (in the north) to 85% (in the south) of the annual precipitation occurs in
the wet semester—from October to March.

The seasonal variability of the precipitation is due to the characteristics of the
general circulation of the atmosphere and to regional climate factors, related to
Portugal’s geographic location, in the south-westerly extreme of the Iberian
Peninsula (between 37° and 42°N and 6.5° and 9.5°W). The North Atlantic
Oscillation (NAO) and other teleconnection indexes at the synoptic and smaller
scales explain the interannual variability [38]. In terms of spatial variability, the
mean annual precipitation varies from more than 2800 mm, in the northwestern
region, to less than 400 mm, in the southern region, following a complex spatial
pattern (N–S/E–W), in close connection with the relief, far beyond the most
determinant factor of the precipitation spatial pattern.

Figure 1 shows the schematic location of the 16 climatological stations used in
the study over a mean annual flow depth map (H in mm/year). The figure shows
that the southern and the more north-eastern regions are characterized by water
scarcity (rarely exceeding in average 150–200 mm/year) and that only in the cen-
ter/north western region there is some surface water availability. The mean annual
values of the precipitation and of the surface runoff over the country are
approximately 960 and 385 mm, respectively.

The climatological stations were selected aiming at representing the different
prevailing hydrological regimes in Portugal and especially at ensuring a common
period with all the records required by the application of the Penman-Monteith,
which in Portugal is not easy to get. The records at the previous stations were
obtained from the Portuguese Institute for the Ocean and Atmosphere (IPMA),
which has high data quality standards and is one of the main sources of Portuguese
hydrological and hydrometeorological and also from the database AGRIBASE from
the Instituto Superior de Agronomia (ISA), the School of Agriculture of the Lisbon
University. Although the periods for which it was possible to obtain the required
data are not very recent, this has no influence on the purpose of the study.

Some general characteristics of the previous stations are presented in Table 1
along with the mean monthly values of the following variables, computed based on

Figure 1.
Location of the climatological stations of Table 1.
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the data provided: precipitation, P; mean, average maximum and average minimum
air temperatures, Tmed, Tmax and Tmin, respectively; air relative humidity, HR;
number of sunshine hours, I; and wind velocity, v. In Figure 2, the corresponding
mean monthly values are represented. The recording periods of Table 1 refer to
hydrological years, which in Portugal start on October 1.

Figure 2 shows that from the north to the south of Mainland Portugal, the
precipitation decreases and the temperature and the sunshine hours increase.

4. Results

Based on the records of Table 1, the potential evapotranspirations of
Thornthwaite (EVP) and Penman-Monteith (EV0) were computed, as well as the
surface flows that they predict according to the Thornthwaite-Mather water balance
model—Eqs. (3) and (4).

In Figure 3, the Thornthwaite (EVP) and Penman-Monteith (EV0) monthly
potential evapotranspirations are compared for each of the 16 climatologic stations.
Each diagram contains the representation of the straight line from the linear
regression analysis between EVP and EV0, its equation, and the respective correla-
tion coefficient. There is also a second dashed straight line representing the equality
between the two evapotranspirations under consideration. The scale of the axes is
always the same in order to allow the comparison between those evapotranspira-
tions and among the results from the different climatological stations. Figure 3
clearly highlights two relevant conclusions:

Table 1.
Climatological stations. General features and mean monthly values of precipitation, P; mean, average
maximum and average minimum air temperature,Tmed,Tmax and Tmin, respectively; air relative humidity,
HR; number of sunny hours, I; and wind velocity 2 m above the ground, v.

Figure 2.
Mean monthly values of P,Tmed,Tmax,Tmin, HR, I, and v, according to Table 1.
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i. The values of the potential evapotranspiration of Thornthwaite (EVP) are
systematically lower than those of the evapotranspiration of Penman-Monteith
(EV0), thus confirming the previous knowledge for Portugal [29]; the
differences between those values increase as the evapotranspirations increase.

ii. The correlation between EV0 and EVP is always very high (0.9 or higher),
which, under scarcity of data, suggests the possibility to estimate EV0 based
on EVP.

The first conclusion anticipates that the application of Thornthwaite-Mather
water balance model would yield rather distinct estimates of the surface runoff
when based upon on EVP or on EV0.

Figure 3.
Monthly potential evapotranspiration of Thornthwaite, EVP, and of Penman-Monteith, EV0. Linear
regression line (continuous line), equation, and correlation coefficient, r. Line representing the equality between
monthly EVP and EV0 (dashed line).
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regression analysis between EVP and EV0, its equation, and the respective correla-
tion coefficient. There is also a second dashed straight line representing the equality
between the two evapotranspirations under consideration. The scale of the axes is
always the same in order to allow the comparison between those evapotranspira-
tions and among the results from the different climatological stations. Figure 3
clearly highlights two relevant conclusions:

Table 1.
Climatological stations. General features and mean monthly values of precipitation, P; mean, average
maximum and average minimum air temperature,Tmed,Tmax and Tmin, respectively; air relative humidity,
HR; number of sunny hours, I; and wind velocity 2 m above the ground, v.

Figure 2.
Mean monthly values of P,Tmed,Tmax,Tmin, HR, I, and v, according to Table 1.
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i. The values of the potential evapotranspiration of Thornthwaite (EVP) are
systematically lower than those of the evapotranspiration of Penman-Monteith
(EV0), thus confirming the previous knowledge for Portugal [29]; the
differences between those values increase as the evapotranspirations increase.

ii. The correlation between EV0 and EVP is always very high (0.9 or higher),
which, under scarcity of data, suggests the possibility to estimate EV0 based
on EVP.

The first conclusion anticipates that the application of Thornthwaite-Mather
water balance model would yield rather distinct estimates of the surface runoff
when based upon on EVP or on EV0.

Figure 3.
Monthly potential evapotranspiration of Thornthwaite, EVP, and of Penman-Monteith, EV0. Linear
regression line (continuous line), equation, and correlation coefficient, r. Line representing the equality between
monthly EVP and EV0 (dashed line).
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In the previous scope, Figure 4 shows the comparison between monthly
streamflows (expressed in water depth) from the water balance model based on the
monthly potential evapotranspiration of Thornthwaite (HP) and of Penman-
Monteith (H0). Such results were obtained assuming a maximum useable water
capacity of the soil (Smax) of 150 mm that allegedly corresponds to the average
conditions prevalent in Mainland Portugal, though, in fact, the values of Smax are
expected to be slightly higher in the southern than in the northern parts of the
country.

The results from the linear regression analysis between HP and H0 are
represented in each graph by a continuous straight line, its equation, and the
corresponding correlation coefficient, r. The graph also includes a dashed straight
line representing the equality between HP and H0. The scale of the axes is always
the same in order to allow the comparison between the two surface runoffs and
among the different climatological stations.

It is important to emphasize that, for most of the climatological stations, the high
values shown in Figure 4 for the linear correlation coefficient indicate a statistically
significant dependency between monthly streamflows evaluated on the basis of
Thornthwaite (HP) and Penman-Monteith (H0) evapotranspiration. As the poten-
tial evapotranspiration of Thornthwaite (EVP) is always lower than the potential
evapotranspiration of Penman-Monteith (EV0), its derived monthly streamflows
(HP) are sometimes higher, although only slightly, than those provided by the
Penman-Monteith data (H0).

However, significant differences between potential evapotranspirations, as
those shown in Figure 3, may not necessarily lead to substantial differences
between surface runoff evaluated based on those evapotranspirations. This is
the case of the climatologic stations of Bragança (03Q/01), Mirandela (05T/01),
Vila Real (06K/01), Régua (07K/01), Viseu (10J/01), Coimbra-Bencanta (12G/06),
Alcobaça/E. Fruticultura (16D/06), Ota (19D/01), and Sassoeiros (21B/03), where
the monthly surface runoffs obtained by the water balance model considering
either EVP or EV0 are very close, regardless of the differences between
evapotranspirations.

This highly interesting, and innovative observation can be explained by the fact
that the largest differences between monthly values of EVP and EV0 occur in the
dry semester—from April to September—during which the water excess (or
superavit) and, consequently, the surface runoff are no longer controlled by the
evapotranspiration. They are a consequence, instead, of the combined effect of low
or even nonexisting rainfall and groundwater storage.

This effect results in an actual evapotranspiration that is rather unrelated to the
potential one since it is limited not by the “potentiality” of the soil and plants to
transfer water to the atmosphere, but, instead, by the scarcity of water that inhibits
that “potentiality.” Under these circumstances, the actual evapotranspirations
derived considering either EVP or EV0 become very close even when these poten-
tial evapotranspirations are quite different.

Figure 5 intends to demonstrate the previous conclusion, based on the climato-
logical stations of Vila Real (06K/01), Alcobaça/E. Fruticultura (16D/06), and Viseu
(10J/01) chosen as examples.

For each of the stations adopted as examples and for each month, Figure 5
shows the monthly averages and the standard deviations of the series of EVP and of
EV0 and of the surface runoffs predicted by applying the Thornthwaite-Mather
water balance model to those evapotranspirations (HP and H0, respectively).

The previous figure shows that, on average, the monthly values of EVP are
always lower than those of EV0, the differences being larger in the summer period.
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However, even during this season, the differences between the monthly mean
surface runoffs HP and H0 are very small.

It is also important to stress that the month-by-month variability of the EVP
series is larger than the one of the EV0 series (higher standard deviations). Despite
this fact, the within-the-year variability of the flow series obtained from both
evapotranspirations is very similar, meaning that the water balance model applied
to ETP or ET0 yields to monthly streamflows that are very similar, either in value or
in what concerns their statistical characteristics.

Figure 4.
Monthly flows predicted by the monthly Thornthwaite-Mather water balance model applied to the monthly
evapotranspirations ofThornthwaite (HP) and of Penman-Monteith (H0). Linear regression line (continuous line),
equation, and correlation coefficient, r. Line representing the equality betweenmonthly HP andH0 (dashed line).
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either EVP or EV0 are very close, regardless of the differences between
evapotranspirations.

This highly interesting, and innovative observation can be explained by the fact
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superavit) and, consequently, the surface runoff are no longer controlled by the
evapotranspiration. They are a consequence, instead, of the combined effect of low
or even nonexisting rainfall and groundwater storage.

This effect results in an actual evapotranspiration that is rather unrelated to the
potential one since it is limited not by the “potentiality” of the soil and plants to
transfer water to the atmosphere, but, instead, by the scarcity of water that inhibits
that “potentiality.” Under these circumstances, the actual evapotranspirations
derived considering either EVP or EV0 become very close even when these poten-
tial evapotranspirations are quite different.

Figure 5 intends to demonstrate the previous conclusion, based on the climato-
logical stations of Vila Real (06K/01), Alcobaça/E. Fruticultura (16D/06), and Viseu
(10J/01) chosen as examples.

For each of the stations adopted as examples and for each month, Figure 5
shows the monthly averages and the standard deviations of the series of EVP and of
EV0 and of the surface runoffs predicted by applying the Thornthwaite-Mather
water balance model to those evapotranspirations (HP and H0, respectively).

The previous figure shows that, on average, the monthly values of EVP are
always lower than those of EV0, the differences being larger in the summer period.
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However, even during this season, the differences between the monthly mean
surface runoffs HP and H0 are very small.

It is also important to stress that the month-by-month variability of the EVP
series is larger than the one of the EV0 series (higher standard deviations). Despite
this fact, the within-the-year variability of the flow series obtained from both
evapotranspirations is very similar, meaning that the water balance model applied
to ETP or ET0 yields to monthly streamflows that are very similar, either in value or
in what concerns their statistical characteristics.

Figure 4.
Monthly flows predicted by the monthly Thornthwaite-Mather water balance model applied to the monthly
evapotranspirations ofThornthwaite (HP) and of Penman-Monteith (H0). Linear regression line (continuous line),
equation, and correlation coefficient, r. Line representing the equality betweenmonthly HP andH0 (dashed line).
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5. Conclusions

The main conclusions of this study are as follows:

i. The method of Thornthwaite yields to monthly potential evapotranspirations
clearly smaller than those resulting from the Penman-Monteith method,
thus confirming that the former method underestimates the potential
evapotranspiration in Mainland Portugal. Nevertheless, the Thornthwaite and
Penman-Monteith monthly potential evapotranspirations are highly
correlated.

ii. For most of the studied climatological stations, the Thornthwaite water
balance model resulted in monthly surface runoffs based on the
evapotranspiration of Thornthwaite slightly higher than those resulting from
the Penman-Monteith evapotranspiration. However, the correlation
coefficients between surface runoffs obtained via one or the other potential
evapotranspiration are most of the time very high.

iii. The differences between monthly surface runoffs obtained by the water
balance model considering the Thornthwaite or the Penman-Monteith
potential evapotranspirations are much smaller than the differences between
those evapotranspirations and may even become negligible, particularly in
the wetter areas of Portugal.

According to the previous results, one may conclude that, despite its poor data
requirements, the potential evapotranspiration of Thornthwaite combined with the
simplest water balance model provides a feasible and accurate approach (i) to fill in
the gaps of monthly flow series, (ii) to increase the spans of such series, and (iii) to
estimate monthly flows at ungauged catchments.
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Figure 5.
Averages and standard deviation of the monthly series of EVP, EV0, HP, and H0 in some of the climatologic
stations of Table 1.
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Through regression analysis techniques, it is also possible to derive the monthly
Penman-Monteith potential evapotranspiration from the Thornthwaite one and
then to apply the Thornthwaite water balance model or another model to estimate
the surface runoff, like the Temez model. By this way, the overestimation of surface
runoff that may result from the direct use of EVP, particularly in dryer regions, will
be corrected.
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