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CHAPTER 1
Introduction

1.1 Motivation

Rivers have always attracted and sustained life thanks to the avail-
ability of water, the fertility of the surrounding soils and their ca-
pacity to transport sediments, nutrients, plants and animals. These
benefits, however, come at the price of exposure to river induced
catastrophes. Floods, soil erosion, and contamination of drinking
and irrigation water by salt water can cause great damage to plants,
animals and humans. Proper management of rivers is therefore es-
sential to sustain life, and the large number of functions rivers fulfill
calls for a solid and reliable knowledge base. Managers and deci-
sion makers often rely on predictions of a river system’s reaction to
human induced or natural changes. Knowledge of rivers is derived
from observations of their behavior, which subsequently forms the
basis for the development of models useful for engineers and deci-
sion makers. Our ability to manage rivers is therefore strongly re-
lated to the extent to which we are able to observe and quantify their
functioning.

The trouble with the management of natural rivers is that predict-
ing their response to human or natural change is an under-constrained
problem, which involves a large number of interrelated variables
(Montgomery, 1997). Emergent behavior in rivers, such as mean-
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1. Introduction

dering, bed-forms, or rates of lateral erosion (Werner, 1999; Hooke,
2003), is very difficult to predict and results from the complex interac-
tion of processes including turbulence, secondary flow and sediment
transport. Emergent phenomena are easily observed in the field and
their behavior can be captured in empirical relations useful for engi-
neering purposes. The underlying detailed processes are often much
harder to observe in the field, due to complex interactions and the
lack of instruments and methods that allow to detect small scale pro-
cesses in large scale systems. Reduced complexity laboratory studies
and small-scale field studies have enabled the observation of detailed
processes, through the reduction of complexity. These experiments
lead to mechanistic descriptions of turbulence, sediment transport
and secondary flow, but it is often difficult to translate these results
to large, natural rivers, for which we lack the relevant field data.

The aim of the present thesis is to quantify and understand flow and
morphological processes in a river with a complex geometry, by using and
improving state-of-the-art measuring and modeling techniques. This may
bridge the gap between experimental laboratory studies, in which
the complexity of a problem is reduced, and the empirical field ob-
servations of complex phenomena, in which the underlying physical
mechanisms are often difficult to unravel.

1.2 Complex river flow and morphology

Complex flow and morphology in rivers result from an intricate in-
teraction of basic processes. In what follows, a brief overview is given
of several fundamental processes occurring in rivers, hinting at how
they interact. Subsequently, these processes are discussed in more
detail for river bends, which form a central topic throughout the rest
of this thesis.

Temporal decomposition: mean flow and turbulence

Complex flow in rivers results from the interaction between flowing
water and the ambient morphology. The bed and the banks of a river
resist the flow, generating fluctuating behavior of the flow known as
turbulence. To ease the analysis and modeling of turbulent flow, the
flow is generally decomposed in mean flow and turbulence, known
as the Reynolds decomposition. This decomposition is based on the
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1.2. Complex river flow and morphology

duration and extent of fluctuations in the flow. If we observe a flow
for a short period, the flow is very complex, with vortices, boils, etc.
– turbulence –, while if we observe it for a longer period the water
will be mainly flowing in the same direction with the same velocity –
mean flow –. The mean flow “feels” turbulence as viscosity and loses
energy to it. Turbulent vortices “extract” this energy from the mean
flow. Large vortices create smaller vortices, transferring energy from
large to very small vortices, where the energy in transformed into
heat by molecular viscosity. This may sound as a one-way process in
which mean flow loses energy, which is eventually lost as heat, but
in reality turbulence and the main flow interact, creating complex
three-dimensional flow structures.

Spatial decomposition: main flow and secondary flow

Complex three-dimensional structures are difficult to analyze and
describe as such. For this reason, the flow is often decomposed into
main flow and secondary flow. In rivers the water dominantly flows
in one direction, i.e. downstream. This direction, although not al-
ways easily defined, is called the main flow direction1. The main
flow is usually characterized by a variable velocity throughout the
cross-section. Near the boundaries, the flow tends to weaken, while
it is strongest further away from the boundaries. Secondary flow
refers to the flow across the main flow, i.e. toward the banks and
vertical. Two types of secondary flow can be distinguished based on
the processes that generate them. Prandtl’s first kind of secondary
flows are directly induced by the channel geometry. Prandtl’s second
kind of secondary flows are induced by turbulence. The main flow,
secondary flow and turbulence interact in ways determined mainly
by the geometry of a channel.

Flow in sharp meander bends

Complex flows in rivers are generally classified based on the govern-
ing geometries: bends, compound channels, scours, junctions, hu-
man structures, bed-forms, vegetation, etc. Other complex flows are
the consequence of forcing factors such as tides, density driven flows,

1Several definitions can be given for the direction of main flow, e.g. based on the
thalweg, the river centerline or the cross-section averaged velocity direction.
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1. Introduction

etc. To elucidate how complex flows are the consequence of intricate
interactions between the processes described above we will provide
a brief overview of the present knowledge on the functioning of river
bends, which are extensively treated in this thesis.

Crucial in river bends is the development of a spiral motion of
the flow (Figure 1.1). This spiral motion is primarily generated by

Point bar

Pool Downstream flow

Cross-flow
transverse flow

Spiral flow

Center-region cell

Outer bank cell

Inner (convex)
bank

Outer  (concave)
bank

Figure 1.1. Spiral motion in a meander bend

an imbalance between the cross-stream pressure gradient and the
effect of the centrifugal force. The spiral flow is a secondary flow of
Prandtl’s first kind, since it is directly induced by the geometry of
the channel. The outward motion near the water surface pushes the
core of the flow (high downstream momentum) to the outer bank,
where the flow accelerates. The inward motion near the bed steers
flow with low velocity (low downstream momentum) to the inner
bank, where the flow decelerates.

High flow velocity near the outer bank induces erosion and low
flow velocity in the inner bank causes deposition. The deep part near
the outer bank is called a “pool” and the shallow part at the inner
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1.2. Complex river flow and morphology

bank is called a “point bar”. Active river bends tend to gradually
sharpen. As bends sharpen, the flow adjusts and flow patterns can
change dramatically.

Laboratory studies (Dietrich & Smith, 1983; Blanckaert & Graf,
2001; Abad & Garcia, 2009a,b; Constantinescu et al., 2013) have shed
light on the adaptation of the flow patterns in response to bend
sharpening. The spiral motion is strengthened as the bend sharpens,
but at some point this process saturates. The cross-stream flow starts
to significantly influence the downstream flow, slowing it down and
forcing the core of the flow to the bed. Lower velocity at the sur-
face will result in weakening of the secondary flow (Blanckaert &
de Vriend, 2004).

Next to the main spiral flow, a small circulation cell is often ob-
served near the outer bank. This outer bank cell is generated by
other processes than those generating the main spiral flow. Next to
the centrifugal force, turbulence is an important forcing contributing
factor2 (Secondary flow of Prandtl’s second kind). This small outer
bank cell may play a crucial role in the morphological development
of sharp bends, since it influences the stability of the outer bank and
protects it from the direct impact of strong downstream flow (Blanck-
aert, 2011).

The combined effect of saturation of the main recirculation cell
and the action of the outer bank cell provides a possible explanation
for an emerging phenomenon that has been observed well before the
flow in sharp bends had been analyzed in great detail. Hickin &
Nanson (1984) and Hooke (2003) found that lateral migration rates
of rivers increase with increasing channel curvature. At high cur-
vatures, migration rates drop again. Field observations taken in in-
active, sharp meander bends are required to confirm the processes
observed in flume experiments may indeed relate to the ossification
of high-curvature meander bends.

Non-harmonic meanders

In sharp bends the cross-sectional area is often large (Blanckaert,
2010), and in several field studies this local increase can even be

2This shows that turbulence is not only dissipating energy from the flow, but
sometimes also supplies the main flow with energy.
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1. Introduction

termed dramatic (Andrle, 1994; Beltaos et al., 2012). Several stud-
ies have reported bends in which deposition occurs near the outer
bank (Woodyer, 1975; Page & Nanson, 1982; Hickin, 1986; Makaske
& Weerts, 2005). Sometimes, bends also tend to develop a non-
harmonic shape. This behavior is often observed in tropical lowland
rivers. The middle Fly River, Papua New Guinea, flows first in a
forested region where characteristic harmonic meander shapes are
observed. Downstream of this region, the river reaches a low-slope
swamp region where meanders become dogleg shaped, with long
straight reaches connected by sharp bends (Dietrich et al., 1999). In
this swampy region lateral migration is almost absent and the river
appears to be frozen (Dietrich et al., 1999). Similar non-harmonic
meanders have also been observed along lowland sections of the Pu-
rus and the Juruá Rivers with very high suspended load (Latrubesse
et al., 2005). Non harmonic-meanders are also known from temperate
regions, where they are found in small, low stream-power systems,
often featuring a strong increase in cross-sectional area (Andrle, 1994)
and, like in the Fly River, low lateral migration rates. Such obser-
vations clearly challenge our current mechanistic understanding of
river bends. What does this all mean for our current river manage-
ment practices?

Nowadays, river management strongly relies on the use of com-
putational models to predict changes in river systems. Ideally, one
would use the most detailed model, assuming this would lead to
a proper description of the system. For rivers, this is still compu-
tationally too demanding, and therefore current operational models
are reduced-complexity models. Such models resort to parameteri-
zations for important processes that are lost during the model sim-
plification. For bends this means that the effect of the spiral flow is
included in one dimensional and two dimensional-horizontal models
through a parameterization (Ottevanger et al., 2013). Such approach
will allow to properly deal with bends that function according to
the existing theory, but they will be unsuitable to predict the behav-
ior of e.g. bends with a very large increase in cross-sectional area.
Since the theory underlying reduced-complexity river flow models
is mainly based on laboratory experiments and field observations
taken in small streams, the question arises whether they are suitable
to predict the behavior of large rivers.
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1.2. Complex river flow and morphology

Measuring complex flow and turbulence in large rivers

Improving our understanding and translating this into computational
models suitable to predict the behavior of large rivers requires the
ability to observe fundamental aspects of the flow and morphology
of large scale systems in detail. Over the past decades, the devel-
opment of new measuring techniques has paved the way for new
discoveries in the field of geophysical flows. The development of
measuring equipment for laboratory applications, starting around
1970, opened up new possibilities for the study of turbulence in
open channel flows. This has lead to extensive investigations of tur-
bulence under a great variety of hydrodynamic conditions (Nezu,
2005) and has strongly improved our understanding of turbulence in
open channel flow. Similarly, the development of acoustic techniques
for flow measurements has opened up the possibilities to investigate
complex flows and turbulence in the field, mainly in small streams
(Sukhodolov, 2014). The deployment of acoustic profilers in labo-
ratory experiments has provided a wealth of information on flow
in sharp bends (Blanckaert & de Vriend, 2004) and can currently be
used to study flow and sediment transport near dunes (Naqshband
et al., 2014).

The introduction of acoustic Doppler current profilers (adcps) has
greatly improved our ability to monitor flow in rivers and the coastal
ocean. These instruments have been applied successfully, mainly to
monitor mean flow patterns (Muste et al., 2004a,b; Dinehart & Bu-
rau, 2005b; González-Castro & Muste, 2007; Jamieson et al., 2011;
Buschman et al., 2013; Sassi et al., 2013) and to monitor discharge
(Nihei & Kimizu, 2008; Le Coz et al., 2008; Hoitink et al., 2009; Sassi
et al., 2011b; Hidayat et al., 2011). adcps can also be used to monitor
sediment transport (Reichel & Nacthnebel, 1994; Rennie et al., 2002;
Hoitink & Hoekstra, 2005; Sassi et al., 2012; Moore et al., 2012) and
to monitor turbulence, finding widest application in estuaries and in
the coastal ocean (Lohrmann et al., 1990; Stacey et al., 1999a,b; Lu
& Lueck, 1999a,b; Rippeth et al., 2002; Souza et al., 2004; Williams
& Simpson, 2004; Peters & Johns, 2006; Whipple et al., 2006; Tarya
et al., 2010). The use of adcps to measure turbulence is not straight-
forward, since the instrument measures flow velocity with diverging
acoustic beams. The use of the so called “variance method” allows to
process raw adcp data in such a way that turbulence properties can
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be retrieved from them. This method, however, cannot be applied un-
der highly stratified conditions, common in the coastal environment.
Fluvial environments are rarely affected by stratification and can of-
fer better conditions to apply the variance method. The method,
though, has rarely been used in a fluvial context. While stratifica-
tion rarely occurs in fluvial systems, the smaller scale of rivers com-
pared to the coastal environment might be a problem for adcp mea-
surements of both flow and turbulence. Large spatial gradients in
the flow question the assumptions of flow homogeneity between the
acoustic beams (Marsden & Ingram, 2004), which is however widely
applied.

1.3 Study Area

Fluvial systems in tropical regions include several of the largest rivers
in the world, yet the knowledge base on tropical systems is still lim-
ited (Latrubesse et al., 2005). Understanding complex flow and mor-
phology in tropical rivers is essential for ecologists, geologists, deci-
sion makers, and engineers which now base themselves on models
and concepts from Northern Hemisphere, temperate region systems
(Latrubesse et al., 2005). Non-Harmonic meanders (Dietrich et al.,
1999; Latrubesse et al., 2005), deep scours (Best & Ashworth, 1997),
bifurcating meander bends (Grenfell et al., 2012), and embayments
(Darby et al., 2010) are only some examples of morphological fea-
tures and processes omnipresent in the Tropics that challenge our
current understanding of fluvial systems. Tropical rivers are thus
particularly suited to study complex river behavior, and in turn, the
understanding gained from such a study would be particularly rele-
vant in tropical regions.

The present thesis focusses on the Mahakam River, located in East
Kalimantan, Indonesia (Figure 1.2). The Mahakam River flows from
the inland mountains of Borneo, through the Tertiary rocks of the
Kutei Basin. The river then flows through the Kutei lakes area, which
is a very flat, subsiding region, in which thick packs of Quaternary
sediments are deposited. The latter area features several lakes and
peat bogs, and inundates frequently. The Mahakam meets four of
its main tributaries here. Downstream of the Kutei lakes area, the
Mahakam flows through a Tertiary mountain range before reaching
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Figure 1.2. Overview of the study area. The red rectangle in the inset
shows the extent of the map. Elevations are based on srtm data and are
presented in logarithmically spaced contours, to highlight the elevation dif-
ferences in the lowland areas.

the Mahakam delta.
The lakes play an important role in regulating water and sedi-

ment discharge eventually issued to the delta (Storms et al., 2005;
Sassi et al., 2011a, 2012; Hidayat et al., 2012). Tie-channels (Rowland,
2007) connecting the lakes to the river regulate the exchange and, de-
pending on the discharge of the river, carry water from the lakes into
the river or vice-versa, functioning as a discharge buffer (Hidayat
et al., 2011). There are two main lakes north of the river: Lake Se-
mayang and Lake Melintang. Lake Semayang, the easternmost lake,
is connected to the river through a tie-channel. Lake Melintang, the
westernmost lake is connected on the east side to Lake Semayang
while in the south it connects to the river through a small, 10-15 me-
ters wide channel. A third lake, called Lake Jempang, connects to
the river through a large tie-channel on the east side, and a small
2-3 meters wide tie-channel on the northern side.The lakes are sur-
rounded by several peat domes with a diameter of around 35 km.
These domes are considered to contribute to the discharge buffer-
ing capacity (Hidayat et al., 2012), as they can store large amounts
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1. Introduction

of water. During floods, as much as 91% of the Kutei lakes area is
inundated, while during low flows only 12% is inundated (Hidayat
et al., 2012).

Proper management of the Mahakam River is crucial, given the
increasing number of floods in the city of Samarinda. Engineer-
ing works may be needed to prevent land loss due to bank erosion
and to sustain timber production, coal mining and shrimp farming,
that make the Kutei district the richest in Indonesia (Simarmata,
2010). The Mahakam River is also home to some critically endan-
gered species including the Irrawaddy dolphin (Kreb & Budiono,
2005), and the White-shoulderd ibis (Sözer & Nijman, 2005).

1.4 Objectives and research questions

Quantify meander shape properties (Chapter 2)

The planform of the Mahakam River shows to be markedly different
from many other rivers, featuring sharp bends and multiple loops in-
terspersed by straight reaches. Objective quantification of the anoma-
lous behavior of meander shape is a particularly challenging task.
The preferred approach is not based on any subjective choice, it can
deal with non-uniformity in the planform and it allows to charac-
terize multiple spatial scales. This is particularly important when
dealing with large tropical rivers, that often cross very different envi-
ronments (Latrubesse et al., 2005; Ashworth & Lewin, 2012). Several
studies have attempted to objectively quantify river shape (O’Neill &
Abrahams, 1986; Howard & Hemberger, 1991; Andrle, 1996; Marani
et al., 2002). The methods, however, often involve subjective steps,
assumptions of uniformity, do not account for multiple scales in the
meandering process and often do not have any metrics to quantify
non-harmonic behavior.

Research questions

– How can we objectively quantify meander shape?
– Which parameter is able to capture non-harmonic bend behav-

ior?
– Is it possible to capture the multi-scale structure of meandering

in a simple way?
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1.4. Objectives and research questions

– How can we effectively visualize the multi-scale behavior of
meanders?

Investigate if planform geometry relates to scour in the
Mahakam River (Chapter 3)

Tropical rivers can sometimes develop extremely deep scours (Best
& Ashworth, 1997) which can reach up to five times their average
depth. The Mahakam River is no exception to this. The function-
ing of autogenic scours and their development as a product of flow
processes is poorly understood. In tropical rivers this phenomenon
is rarely observed. In moderate climate regions deep scours have
been found in small streams in non-harmonic sections called circu-
lar meander pools, where the flow often recirculates (Andrle, 1994;
Hodskinson & Ferguson, 1998; Nanson, 2010). In large rivers, such
scours have only been observed in a sharp bend in the Mackenzie
delta (Gharabaghi et al., 2007; Beltaos et al., 2012).

Research questions

– Where does scour occur along the Mahakam river?
– How does scour relate to planform curvature?
– At what rate is the Mahakam river migrating?
– How do the scours and the planimetry relate to geomorphol-

ogy, land cover and vegetation?
– Are there any morphological regime changes along the Ma-

hakam River?
– How large is the meander belt of the Mahakam?

Improve mean flow measuring techniques (Chapter 4)

The processes shaping autogenic scours in large rivers are poorly un-
derstood. This is partly related to the difficulty to study the flow at
such depths. Acoustic Doppler Current Profilers (adcps) are acous-
tic instruments which can measure flow at large distance from the
sensor with a high spatial and temporal resolution. One of the main
shortcomings of standard adcp processing is the need to assume ho-
mogeneous flow between the acoustic beams. This widely applied
assumption (Marsden & Ingram, 2004; Kawanisi, 2004; Kim et al.,
2009; Le Bot et al., 2011; Parsons et al., 2013; Tokyay et al., 2009;
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Muste et al., 2010; Nystrom et al., 2007; Gargett, 1994) is likely to fail,
especially in large systems with deep scours.

Research questions

– Is it possible to estimate mean flow from adcp measurements
without assuming flow homogeneity between the beams?

– How can mean flow, turbulence and noise in adcp data best be
separated?

– How many repeat transects are needed to separate mean flow
and turbulence?

Enhance understanding of flow in sharp bends (Chapter 5)

Several studies have shown that a large increase in cross-sectional
area in a bend often leads to the development of horizontal flow
separation. Existing criteria to predict the possibility of horizontal
flow separation are based on the generation of a longitudinal ad-
verse slope at the water surface (Blanckaert, 2010). This adverse slope
is created in bends as a result of transverse tilting of the water sur-
face. For a given curvature, the transverse water surface will stabi-
lize at some slope such that the centrifugal force is balanced. When
curvature increases, the transverse slope increases as well, causing
a decrease of the longitudinal water surface gradient at the outer
bank. This may eventually lead to an adverse gradient, and possibly
to horizontal flow separation. Such a separation occurs in several
bends along the Mahakam River.

Research questions

– What does the flow pattern look like in sharp bends of the
Mahakam?

– Which are the main drivers of the observed flow pattern?
– Is it possible to model the flow patterns using a state of the art

computational model?

Improve turbulence measuring techniques (Chapter 6 and
Chapter 7)

In sharp bends, turbulent stresses are known to play a crucial role in
the generation of secondary flow patterns (Blanckaert & de Vriend,
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2004). In particular the outer bank cell is strengthened by turbulence
anisotropy (Blanckaert & de Vriend, 2004). Studies quantifying these
effects are rare due to the difficulty to measure Reynolds stresses,
particularly in large scale flows. Bottom mounted adcps allow to
process the raw data, using a technique called the variance method,
to obtain estimates of the Reynolds stresses (Lohrmann et al., 1990;
Stacey et al., 1999a; Lu & Lueck, 1999a). This technique, however,
only delivers three of the six independent terms in the Reynolds
stress tensor, requiring assumptions on turbulence anisotropy ratios
to estimate turbulent kinetic energy and to study effects of gradients
in turbulence stresses.

Research questions

– Which measuring strategy can be used to obtain all six terms
in the Reynolds stress tensor?

– How do turbulence measurements from large rivers compare
with results from laboratory and small scale field experiments?

– How do existing boundary layer models perform in large rivers?

1.5 Thesis outline

Chapter 2 introduces a new method to quantify the shape of the plan-
form of a river, using a wavelet based, non-uniform approach. The
morphology of the Mahakam is explored in Chapter 3. In Chapter 4,
a novel technique to process adcp data is presented, which allows to
reduce the extent over which the flow needs to be assumed homo-
geneous. The novel technique is particularly suited to monitor flow
in deep scours. The flow in a sharp bend, where the cross-sectional
area increases dramatically, is studied in Chapter 5 based on detailed
flow measurements combined with results from Large Eddy Simula-
tions. Chapter 6 presents a novel technique which allows profiling
all terms in the Reynolds stress tensor using two coupled adcps. In
Chapter 7 a calibrated boundary layer model, previously used for
discharge estimates (Sassi et al., 2011b), is now applied to estimate
time series of bed-shear stress profiles, which yields insight into the
temporal dynamics of the forcing functions of river morphological
change.
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CHAPTER 2
Multi-scale structure of

meanders

Abstract

River meander planforms can be described based on wavelet
analysis, but an objective method to identify the main character-
istics of a meander planform is yet to be found. Here we show
how a set of simple metrics representing meander behavior can
be retrieved from a continuous wavelet transform of a plan-
form geometry. We construct a synoptic multiple looping forest
to establish the meander structure, revealing the embedding of
dominant meander scales in larger-scale loops. The method can
be applied beyond the case of rivers, to unravel the meander-
ing structure of lava flows, turbidity currents, tidal channels,
rivulets, supra-glacial streams and extraterrestrial flows.

2.1 Introduction

Meandering is a common geophysical process that is often described
in fluvial context, while it can be the consequence of a wide variety

This chapter is based on: B. Vermeulen, A.J.F. Hoitink, G. Zolezzi, J. Abad &
R. Aalto, Multiscale structure of meanders
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2. Multi-scale structure of meanders

of processes occurring on earth, including (submarine) lava flows
(Fornari, 1986), submarine turbidity-currents (Peakall et al., 2000;
Abreu et al., 2003; Kolla et al., 2007), tidal channels (Marani et al.,
2002), rivulets (Le Grand-Piteira et al., 2006), supra-glacial streams
(Karlstrom et al., 2013) and on the surface of other planets in the
solar system (Greeley, 1971; Komatsu & Baker, 1994; Baker, 2001;
Malin & Edgett, 2003). Several underlying processes and princi-
ples governing meander shape have been proposed and may include:
self-organization (Hooke, 2007), flow dynamics (Seminara, 2006), di-
rected Brownian walk (Lazarus & Constantine, 2013), heritage from
older geomorphological forms (Harden, 1990) and substrate hetero-
geneity (Güneralp & Rhoads, 2011). The large complexity and va-
riety of meandering makes the task of unraveling the genesis and
functioning of these features a challenging one.

The parametric description of meander shape is an important
challenge in geomorphology (Schumm, 1967), environmental engi-
neering (Rinaldi & Johnson, 1997) and climate studies (Stark et al.,
2010). The complexity of a meander train is reflected in upstream or
downstream skewness (Parker et al., 1983; Seminara & Tubino, 2001;
Marani et al., 2002; Güneralp & Rhoads, 2011), fattening (Parker et al.,
1982, 1983), curvature peaks (Chapter 3), compound loops (Brice,
1974; Frothingham & Rhoads, 2003; Hooke, 2003) and double head-
ings (Thompson, 1986). Descriptive studies of river meanders tend to
classify individual meander bends on subjective grounds, restricting
the analysis to meander bends with a clear topology. Signal process-
ing techniques can objectively characterize the structure of a meander
train at the scale of the entire planform.

Typical measures to characterize meanders are sinuosity and me-
ander wavelength. In a multi-scale planform the value of sinuosity
will depend on the scale at which the meandering feature is ana-
lyzed (Andrle, 1996). Determining meander wavelength involves the
detection of inflection points of the planform (corresponding to zero
crossings in curvature), which is a subjective process that can suffer
from irregularities in meander shape and sampling of the planform
(Andrle, 1996). An alternative approach is to consider the direction
change of a planform at fixed distances (O’Neill & Abrahams, 1986).
This methodology however is not able to appreciate processes at dif-
ferent scales. The angle change can also be observed at different
scales (Andrle, 1996), but the neglect of non-stationarity remains.
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2.2. Method

The result of this latter technique is similar to what is obtained by
applying Fourier Transforms to curvature series. This can be done
on a meander by meander basis (Marani et al., 2002), which however
involves the detection of inflection points first. The use of wavelets
transforms of curvature series has been employed to qualitatively de-
tect changes in meandering behaviour (van Gerven & Hoitink, 2009).

In this contribution we propose a quantitative method to study
the planform shape of meandering features. The method (Section 2.2)
consists of defining the curvature from which a continuous wavelet
transform is computed and used as a basis to construct a scale-space
tree. The scale-space tree is used to identify the local meander scale
and location. Eventually the shape of the meanders is quantified by
two parameters and the relation of the meanders with the larger scale
features is identified. The method is tested on synthetic planforms
(Section 2.3) and three rivers (Section 2.3) followed by conclusions
(Section 2.4).

2.2 Method

Meander planforms are multi-scale, non-stationary features. There-
fore they are analyzed on the basis of a continuous wavelet transform
(cwt) of their curvature. Peaks in the wavelet spectrum are detected
and hierarchically ordered in a tree. The tree is crossed from small-
est to largest scales to identify the most powerful peaks that define
the local scale and location of meanders. Detected meanders are
linked to larger scale structures, or multiple-loops, through the tree.
The wavelet spectrum at sub-meander scales characterizes meander
shape that is quantified with two parameters: skewing and fattening.

Curvature

Given the x and y coordinates of a meander we non-dimensionalize
these coordinates:

x̂ =
x− x0

W
, ŷ =

y− y0

W
(2.1)

where x0 and y0 are the starting x and y coordinates of the planform,
respectively, and W is the average width of the meandering form.
x̂ and ŷ can be expressed as a function of the distance along the
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2. Multi-scale structure of meanders

planform, non-dimensionalized with the width, ŝ = s/W. The non
dimensional curvature (C) of the planform is the ratio of the width
and the inverse of the local radius of curvature (R) and is computed
as (Legleiter & Kyriakidis, 2006):

C =
W
R

=

dx̂
dŝ

d2ŷ
dŝ2 −

dŷ
dŝ

d2 x̂
dŝ2((

dx̂
dŝ

)2
+

(
dŷ
dŝ

)2
) 3

2
(2.2)

All planforms were sampled with a resolution of one fifth of the
width, enough to appreciate smaller scale oscillations.

Continuous wavelet transform

A cwt of a spatial series of curvature represents a meander shape
in terms of spectral density distributed over space and scale. The
mother wavelet used in wavelet analysis sets the resolution of the
spectrum (Torrence & Compo, 1998). Complex wavelet functions re-
turn amplitude and phase information, and are best suitable to reveal
gradual variation of multiple harmonics, for example in a tidal signal
(Sassi et al., 2011a). The real wavelet function used here to represent
a meandering planform is based on a derivative of a Gaussian or
“Mexican-hat” wavelet, which allows to capture abrupt changes be-
tween neighbouring meander bends.

Scale-space trees

The cwts of the curvature series feature several local extremes, con-
nected by ridges of high spectral density and surrounded by zero-
crossing lines. Proceeding from larger to smaller scales, the number
of zero-crossings increases at singular points, where a spectral region
bounded by zero-crossings and lines of constant scale split into three
or more regions at smaller scale (Figure 2.2a,b and Figure 2.4a).

From the decomposed cwt plane we construct a scale-space for-
est in a procedure based on graph theory (Witkin, 1984; Harris et al.,
2008). The spectral regions are structured in rooted trees in which
they are represented as interconnected nodes, located where the local
spectral density peaks as detected using a hexagonal lattice (Kuijper,
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2004). All regions are crossed in a loop from the largest to the small-
est scales, to identify parent nodes and child nodes. Nodes found
in unclaimed reaches are called root-nodes and nodes without child
nodes are called “leaves” (Harris et al., 2008). The total of nodes and
interconnections linked to a root node defines a scale-space tree, and
the trees in a cwt plane occupy the scale-space forest.

Meander identification

An interconneced series of nodes from leaf to root in a space-scale
tree is called a “branch”. For each branch the node with the high-
est corresponding spectral density is defined as the meander node.
All parent nodes of the meander node are defined as multiple-loop
nodes. When performing this for all branches in the cwt plane, a
node can be identified as both a meander-node and a multiple-loop
node, in overlapping branches. All nodes with a double identity give
up their identity as a meander node. In branches where a mean-
der node is redefined as a multiple-loop node, a new meander node
is selected corresponding to the highest spectral density among the
super-scale nodes in the branch. Again, this can result in nodes with
a double identity. The procedure is repeated until all nodes have a
single identity. The reaches corresponding to meander-nodes at the
end of the iteration are defined as meander bends, with length equal
to the scale of the meander-node.

Multiple looping tree

After removing all child nodes of the meander nodes from the scale
space forest determined in Section 2.2, a multiple looping forest re-
mains yielding a synoptic view on the multiscale meander structure.
The branching complexity at any location along the original meander
reach can be quantified by the Strahler number of the corresponding
reduced tree. The multiple looping forest can be projected onto the
meander planform to reveal the meander planform structure (Fig-
ure 2.4).
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2. Multi-scale structure of meanders

Meander shape parameterization

The Kinoshita function describes the development of the angle of the
planform along the s coordinate and is given by:

θ(s) = θ0 cos φ− θ3
0 (cf cos(3φ) + cs sin(3φ)) (2.3)

in which θ0 is the amplitude of the planform angle and φ = 2πs/λm,
where λm is a typical meander wavelength. The parameters cf and cs
control fattening and skewing of the meander, respectively.

The curvature generated by the Kinoshita function reads:

C(s) = W
dθ(s)

ds
=

= −2πW
λm

(
θ0 sin φ + 3θ3

0(cs fS − cf fF )
)

(2.4)

where:

fF = sin(3φ) (2.5)

fS = cos(3φ) (2.6)

The peaks of curvature at the main scale occur for φ = φ/2 + nπ
(Figure 2.1). The exact location of meander-nodes corresponds with
the location of the meander apex. The third modes in Equation 2.4
define the shape of the meander. For a downstream skewed meander
bend two peaks in the third mode occur at φ = 1/3π + nπ and
φ = 2/3π + nπ, with respectively an opposite and equal sign as the
main mode peak (Figure 2.1). For upstream skewed meander bends,
the signs of these peaks are reversed.

For fat meanders, two peaks occur at φ = 1/6π + nπ and at
φ = 5/6+ nπ, with equal sign as the main mode peak, and one peak
at φ = π/2 + nπ, with opposite sign as the main mode (Figure 2.1).
For meanders with a sharp bend, these peaks are reversed. The an-
gularity of a meander is used here to refer to meanders that have
previously been named as “dog leg shaped”, “male meanders” or
“hairpin bends”.

A half-meander or meander bend spans a distance corresponding
to half of the scale of the meander-node. The left side of this meander
reach is assigned φ = 0 and the right side φ = π. The cwt plane
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Figure 2.1. Trigonometric functions in Equation 2.4 generating the main
meander mode (green, solid line) and two third modes to include fattening
(red, dash-dotted line) and skewing (blue, dashed line) effects for φ ∈ [0, π].

at one third of the meander scale (Ψs(φ)) defines the shape of the
meander. Based on Ψs(φ) the shape parameters S and F are defined:

S =
|Ψs|max

Ψm

π∫
0

Ψs fS dφ

π∫
0

f 2
S dφ

(2.7)

F =
|Ψs|max

Ψm

π∫
0

Ψs fF dφ

π∫
0

f 2
F dφ

(2.8)

A positive S corresponds to a downstream skewed meander, while
a negative S implies an upstream skewed meander. A positive F
corresponds to a fat meander, while a negative F quantifies bend
sharpness.
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2. Multi-scale structure of meanders

2.3 Results

Synthetic rivers

Kinoshita generated planforms obtained from equlibrium conditions
of meander bends (Ikeda et al., 1981; Kinoshita, 1961) are consid-
ered to evaluate the performance of the shape parameters. Two plan-
forms have been generated: one transitioning from upstream skew-
ing to downstream skewing (Figure 2.2a), and one transitioning from
fat meanders to angular meanders (Figure 2.2b). The wavelet spec-
tra feature characteristic signatures typical for the different types of
bends (Figure 2.2a,b). All half-meanders have the wavelet peak at
a wavelength corresponding to the meander wavelength. The peaks
have alternating sign, coinciding with a curving of the river to the
right or to the left. At one third of the meander scale secondary
peaks appear. For skewed and fat meanders there are always two
equally signed peaks. For upstream skewed meanders a stronger
peak is found at the upstream side, while for downstream skewed
meanders this peak is found on the downstream side (Figure 2.2a).
The location of the secondary peak for upstream or downstream
skewed meanders always occurs at a fixed location with respect to
the meander peak. This is a direct consequence of the phase-locking
in the Kinoshita curve. The intensity of the secondary peaks in-
creases for increasing skewness. Fat meanders feature two peaks
with almost equal intensity at a fixed location (Figure 2.2b). The
intensity of the peaks directly relates to the intensity of fattening.
Sharply curved meanders with straight reaches in between feature
one equally signed peak at the same location as the main meander
peak (Figure 2.2b). Meanders in the central region of the two series
have very low power in the secondary peaks.

Real world examples

The analysis is applied to the planform of three rivers: Red River,
River Purus and River Mahakam. The Red River flows in a temperate
region while the latter two in tropical regions. Most meanders in the
three rivers are neither skewed nor fat (Figure 2.3). All three rivers
have mostly upstream skewed meanders, but the Red River also has
some downstream skewed ones. Fattening is strongest the Red River
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Figure 2.2. Two Kinoshita generated planforms, the first with gradual
transition from upstream to downstream skewing (a) and the second one
with gradual transition from fat meanders, to angular meanders (b). For
both planforms the cwt is also shown as a contour. The vertical gray lines
indicate the zero crossings of the cwt. The horizontal straight gray lines are
the upper and lower boundaries of the scale-space intervals corresponding
to the tree nodes. The two planforms are characterized in the bottom two
panels and are represented by crosses and squares for the planforms in (a)
and (b) respectively. The bottom two panels show the skewing parameter (c)
and the fattening parameter (d).
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Figure 2.3. Histograms for the occurence of skewing (a) and fattening (b)
parameters for the Mahakam River (green), Red River (blue) and Purus River
(red).

and the Purus River. Angularity (negative fattening) is strongest for
the Mahakam River, which is known (Chapter 3) to feature sharp
bends surrounded by relatively straight reaches (Figure 2.3).

The multiple looping forest for the Mahakam River shows the co-
existent scales of looping (Figure 2.4). The largest-scale loop of the
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Figure 2.4. Multiple loop tree for the Mahakam River. In the top panel
the multiple loop tree is displayed on top of the cwt it was derived from.
The vertical gray lines indicate the zero crossings of the cwt. The horizontal
straight gray lines are the upper and lower boundaries of the scale-space
segments corresponding to the tree nodes. In the lower part the same tree is
displayed in connection with the planform of the river. The position of each
of the nodes is determined based on the corresponding scale and the center
of curvature of the corresponding river reach. The width of the edges of the
tree is based on the Strahler number.

Mahakam River can be interpreted as the valley axis curvature con-
trolled by the local geology and land cover (Chapter 3). A multiple
loop composed of only three meander bends can be interpreted as
what is referred to as double heading (Thompson, 1986). The tran-
sition from a “fat” meander to a double headed meander is grad-
ual. The corresponding classification depends on the scale at which
the spectral density in the cwt plane is strongest. When the curva-
ture peak of a minor head in a fat meander exceeds the peak at the
meander scale, a new meander bend is established and the former
meander bend becomes a multiple loop, featuring two bends.
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2. Multi-scale structure of meanders

2.4 Conclusions

In this contribution we address the lack of an objective, quantita-
tive method to characterize meandering which is able to include the
multi-scale nature and the non-stationarity of the phenomenon. The
proposed method uses curvature series, which are analyzed by con-
tinuous wavelet analysis. Typical meander wavelength and intensity
of the meandering are determined, along with three parameters that
quantify the shape of the meanders: sharpness, fattening and angu-
larity. The latter parameter is able to quantify the non-roundedness
or ruggedness of meanders.

A tree is subsequently obtained for all super-meander scales, called
the multiple loop tree. This tree describes the interrelation between
all processes occurring at scales ranging from double-heading up to
valley curvature. Each node in the tree connects to nodes at smaller
scales and represents a curving feature in the planform. The end-
nodes of the tree represent single half-meanders which are interre-
lated through larger scale features.
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CHAPTER 3

Sharp bends associated
with deep scours

Abstract

Autogenic scouring in sharp river bends has received am-
ple attention in laboratory and modelling studies. These studies
have significantly advanced our understanding of how flow pro-
cesses are influenced by strong curvature and how they affect
the bathymetry. Here we present a 300 km reach of the Ma-
hakam River in Indonesia, which features several sharp bends
(W/R > 0.5), providing a unique field dataset to validate ex-
isting knowledge on sharp bends. Scour depths were found to
strongly exceed what can be expected based on existing under-
standing of sharp bends, and are highly correlated with curva-
ture. A comprehensive stream reconnaissance was carried out
to compare the occurrence of sharp bends and deep scours with
lateral bank migration. Histograms of the occurrence of erosive,

This chapter is based on: Vermeulen, B., A. J. F. Hoitink, S. W. van Berkum

& Hidayat, 2014, Sharp bends associated with deep scours in a tropical river: the
river Mahakam (East Kalimantan, Indonesia), J. Geophys. Res.: Earth Surf., 119, 1–14,
doi:10.1002/2013JF002923.
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3. Sharp bends associated with deep scours

stable, advancing and bar-type banks as a function of curva-
ture quantify the switch from a mildly curved bend regime to
a sharp bend regime. In mild bends, outer banks erode and in-
ner banks advance. In sharp bends the erosion pattern inverts.
Outer banks stabilize or advance, while innner banks erode. In
sharply curved river bends, bars occur near the outer banks that
become less erosive for higher curvatures. Inner banks become
more erosive for higher curvatures, but nevertheless accommo-
date the larger portion of exposed bars. No relation was found
between the land cover adjacent to the river and the occurrence
of sharp bends. Soil processes may play a crucial role in the
formation of sharp bends, which is inferred from iron and man-
ganese concretions observed in the riverbanks, indicating ferric
horizons and early stages of the formation of plinthic horizons.
Historical topographic maps show the planform activity of the
river is low, which may relate to the scour holes slowing down
planimetric development.

3.1 Introduction

Most natural river bends are mildly curved and deposit sediment
at point bars at the inner bank, and excavate pools at the outer
bank. River bends, however, can also develop a completely differ-
ent morphology. In small streams, with erosion resistant banks and
mild channel slopes, bends can become remarkably sharp, with an
increased depth and width resulting in an exceptionally high cross-
sectional area (Alford et al., 1982; Andrle, 1994; Hodskinson & Fergu-
son, 1998; Nanson, 2010). The water flowing through this large cross-
section, often recirculates horizontally (Andrle, 1994; Hodskinson &
Ferguson, 1998; Nanson, 2010) near one or both banks. These recir-
culations help maintaining high velocities through the large cross-
section, while the average velocity decreases.

Several laboratory studies have investigated the flow through sharp
bends in detail. Bend sharpening increases the depth of outer bank
scours, that can reach up to three times the average depth (Blanck-
aert, 2010). This strong scouring in sharp bends is often associated
with down-welling near the outer bank caused by the impinging
flow on the outer bank and the development of horizontal recircu-
lation (Hodskinson & Ferguson, 1998; Ferguson et al., 2003; Blanck-
aert, 2010; Blanckaert et al., 2013). Vertical cross-stream secondary
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circulation gradually increases with sharpening of a bend, until it
saturates due to interactions between primary and secondary flows
(Blanckaert, 2009; Ottevanger et al., 2012). Next to this secondary cir-
culation, a secondary counter-rotating cell can develop, which slows
down the main flow near the outer bank. Although these results are
valuable to the understanding of the flow through sharp bends, it re-
mains difficult to generalize them to natural streams, and especially
to large rivers.

In large rivers sharp bends have only been observed occasionally
(Gharabaghi et al., 2007; Beltaos et al., 2012). Flow in sharp bends of
the Mackenzie delta also features two horizontal recirculation zones
in a cross-section which is remarkably large (Beltaos et al., 2012).
The scarcity of field based evidence of deeply scoured sharp bends
in large rivers suggests that these features are rare and only occur in
an arctic region. The conditions and processes leading to the forma-
tion of such large cross-sections with the corresponding flow patterns
remain largely unexplored. In this study we show that deep scours
in sharp bends are ubiquitous in an alluvial reach in the Mahakam
River, a large tropical river located in East Kalimantan, Indonesia.
In this reach several very sharp bends are found, which are unaf-
fected by consolidated outcrops, offering the opportunity to study
self-formed high-curvature meanders. We analyse the river planform
in relation to the channel bathymetry, width of the river corridor and
the presence of eroding, stable or advancing banks.

Section 3.2 introduces the central Mahakam area and offers back-
ground on the geological setting. In Section 3.3 the methods for anal-
ysis of topographic maps and remotely sensed images, bathymetry
and stream reconnaissance data are presented. The results are de-
scribed in Section 3.4 for the planimetry and slope of the river, the
delineation of the alluvial corridor, and the river bank characteristics.
The results are discussed in Section 3.5. Section 3.6 summarizes the
main findings of this study.

3.2 Study Area

The Mahakam River is a large tropical river with an average dis-
charge of 3000 m3 s−1, a catchment area of 77150 km2 and a mild lon-
gitudinal slope. In-channel sediments range between fine to medium
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sands (Sassi et al., 2013). Annual rainfall is bimodal as is the dis-
charge. The Mahakam flows from its source in the mountainous
inland of Kalimantan to the Kutei basin, an intermontane depres-
sion separated from the Barito basin by a hilly area in the south
(van Bemmelen, 1949). The Kutei basin was formed by rifting dur-
ing the middle-Eocene. Folding of the Kutei basin until the early
Miocene caused fluvio-deltaic sediments to be deposited in the basin.
The long term subsidence of the basin is estimated to be around
0.2-0.5 m/ky (Storms et al., 2005). The Mahakam cuts through the
Samarinda anticlinorium and eventually debouches into the Makas-
sar Strait where it forms the Mahakam Delta (Sassi et al., 2012).

The reach considered in this study is characterized by a very mild
channel slope of about 10−5 (Sassi et al., 2011a), which allows the
tides to sometimes reach the upstream end of the Kutei basin (Hi-
dayat et al., 2011). With an average width of 300 m the river has a
unit stream power of about 1 W/m2. The average depth of the river
is about 15 m.

The present work focuses on the lakes area within the Kutei basin
(Figure 1.2). Most analyses are performed on the reach between the
upstream boundary of the Kutei basin (s = 0 km), with s being the
along channel coordinate) and the delta apex (s = 311 km) (Fig-
ure 1.2). Considering the geomorphology of the area, we can distin-
guish two main reaches: an upstream reach between s = 0 and 150

km, and a downstream reach between s = 150 and s = 311 km. The
upstream reach flows through alluvial, unconsolidated sediments in
the sedimentary basin, and the downstream reach through alluvial
material and consolidated outcrops from the Samarinda anticlino-
rium.

In the upstream reach several lakes and peat domes have formed.
The lakes play an important role in regulating water and sediment
discharge eventually issued to the delta (Storms et al., 2005; Sassi
et al., 2011a, 2012; Hidayat et al., 2012). Small channels connecting
the lakes to the river (termed tie-channels by Rowland et al. (2009)),
regulate the exchange and, depending on the hydrograph of the river,
carry water from the lakes into the river or vice-versa, functioning as
a discharge buffer (Hidayat et al., 2011). There are two main lakes
north of the river: Lake Semayang and Lake Melintang. Lake Se-
mayang, the easternmost lake, is connected to the river through a
tie-channel. Lake Melintang, the westernmost lake is connected on
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the east side to Lake Semayang while in the south it connects to the
river through a small, 10-15 meters wide channel. A third lake, called
Lake Jempang, connects to the river through a large tie-channel on
the east side, and a small 2-3 meters wide tie-channel on the northern
side. The lakes are surrounded by several peat domes with a diame-
ter of around 35 km. These domes are considered to contribute to the
buffering effect on discharge (Hidayat et al., 2012; Sassi et al., 2013),
as they can store large amounts of water.

In the lakes area the river is mainly single threaded and mean-
dering. At one location, near the large southern lake, a reach of the
river shows signs of anastomosis, having two long channels. This,
however, is the result of a meander cutoff. The northern of these two
channels is now slowly silting up. Four main tributaries are found
in the area. The River Pahu connects to the Mahakam upstream of
the lakes at the southern side of the river. The rivers Belayan, Kepala
and Rantau are found downstream of the lakes and connect to the
river at the northern side.

3.3 Methods

Topographic maps and satellite remote sensing

Planimetric information was obtained from analysis of Landsat etm+
satellite imagery using the pan-sharpened rgb bands (15 m resolu-
tion). We extracted the color values best resembling water and man-
ually brushed away clouds and cloud shadow. Bank lines were ob-
tained by delineating the parts marked as water in the images. No
bars were visible in the images, making the vegetation line coincide
with the boundary of flooded areas. The centerlines were obtained
by determining the midpoints between the banks through a digiti-
zation toolbox called ArcSCAN. The along-channel coordinate s is
directed seaward and has its origin just upstream of the lakes (Fig-
ure 1.2). Most parameters were determined for a stretch reaching
until the city of Samarinda (s = 311 km), just upstream of the delta
apex.

The river centerline was re-sampled to an interval of 50 m. Given
the Cartesian coordinates of the centerline x and y as a parametric
function of s, the curvature C normalized by the width W is com-
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puted as (Legleiter & Kyriakidis, 2006):

C = W
x′y′′ − y′x′′

(x′2 + y′2)
3
2

, (3.1)

in which the prime (′) denotes a derivative with respect to s. Follow-
ing the definition of Hickin & Nanson (1984), bends are considered
sharply curved when C exceeds a value of 0.5. Before computing
the curvature, the centerline was smoothed using a cubic spline with
tension (De Boor, 1978). Inflection points were detected at the zero-
crossing locations of the curvature. Each portion of the river between
two consecutive inflection points is called a half-meander. Two con-
secutive half-meanders form a meander, the length of which can be
computed along the Cartesian (x,y) or the intrinsic (s, n) coordinates,
where n is the cross-channel coordinate. The ratio of the intrinsic
meander length Li and Cartesian meander length Lc defines the sin-
uosity σ.

A continuous wavelet analysis was performed on the normalized
curvature series. The continuous wavelet analysis was performed
with a second order differential of Gaussian function wavelet, also
known as a “Mexican hat” wavelet. This is a real valued wavelet
which therefore is mostly suitable to detect peaks and discontinu-
ities (Torrence & Compo, 1998). Subsequent meanders with opposite
curvature will display in the power spectrum as two different peaks,
which would not be the case when using a complex wavelet, where
such subsequent and opposed meanders would appear as a single
peak (Torrence & Compo, 1998). This wavelet is also known to re-
sult in a high spatial resolution, while the frequency resolution will
be low (Torrence & Compo, 1998). In the present case the high spa-
tial resolution is preferable to a high frequency resolution since we
expect only a limited number of scales in the frequency domain.

Topographic maps based on aerial images from 1981 were com-
pared with Landsat etm+ images from the year 2000. This compari-
son was performed to estimate the migration rates of the river-banks
during a period of 19 years. The lateral deposition rates were deter-
mined as the Euclidean distance between the river polygon from the
topographic maps and the nearest banklines from the Landsat im-
ages. Similarly, the erosion rates were determined as the Euclidean
distance between the banklines from the Landsat images and the
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Figure 3.1. Principal component analysis of 12 palsar images (Red: Third
component, Green: First component, Blue: Second component). Pronounced
levees can be distinguished as yellow areas among the blue floodplains. The
lakes and the river have a pink to black color. In the upstream area, the
meandering belt is highlighted. The tie channels are indicated by the arrows.

nearest banklines from the topographic maps. This resulted in a map
with the total erosion and aggradation rates. A basic assumption in
this method is that total erosion and deposition do not exceed the
width of the river during the period under consideration. There is
no doubt this condition is satisfied. Bank change can only be de-
tected when it exceeds a detection threshold which corresponds to
the resolution (30 m) used in the analysis.

A series of 12 Phased Array L-band Synthetic Aperture Radar
(palsar) images, collected during the years 2007 and 2008 and cov-
ering a wide range of hydraulic conditions (Hidayat et al., 2012),
were included in a principal component analysis (pca). This allows
to convert the images in a set of independent images, such that the
three images representing the three principal components capture
the largest variance of the original set. pca maximizes the amount of
information than can be contained in a color composite image. The
first three components were used to create a color composite of the
lakes area (Figure 3.1). The results of the pca can be interpreted as
different flooding conditions and allow to distinguish features such
as levees and floodplains, revealing the alluvial corridor of the river.
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Bathymetry mapping

The bathymetry of the river was determined with a single beam,
dual frequency echo-sounder, which in the area under consideration
mostly operated at a frequency of 200 MHz. The depth soundings
were collected along cross-river transects, with a spacing of, on av-
erage, one river width in the longitudinal direction. The sounding
data were corrected for the depth of the transducer, and for the fluc-
tuations in water level, measured with nearby pressure sensors. The
obtained corrected depth is therefore the depth of the river relative
to the seasonally averaged water level.

To interpolate cross-section profiles of depth onto a regular grid,
the Cartesian coordinates were first transformed to a channel fitted
coordinate system. The centerline was re-sampled to a resolution
small enough to ensure minimal curvature changes over each seg-
ment on the centerline. Each vertex of the centerline can be described
by a vector~r(s), with s being the length along the centerline. The tan-
gential (~T) and normal unit vectors (~N) are defined as (Legleiter &
Kyriakidis, 2006):

~T(s) =
~r(s)′

|~r(s)| (3.2)

~N(s) =
~T(s)′∣∣∣~T(s)∣∣∣ (3.3)

A nearest neighbor search was performed to determine which points
are closest to a certain centerline point. Considering a point ~P nearest
to the centerline point~r, the channel fitted coordinates s and n of that
point are defined as:

~P(s,n) =

(
rs
0

)
+


(
~P−~r

)
· ~T(

~P−~r
)
· ~N

 (3.4)

where rs is the s component of vector~r. Since we expect anisotropy
in the depth, with a greater variance in the n-direction, we multiply
the n coordinates with an anisotropy factor which was attributed
a value of five. Eventually, the collected depths were interpolated
to a channel fitted anisotropic regular grid with natural neighbor
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3.3. Methods

Figure 3.2. Example of the bathymetric interpolation procedure. The
bathymetric cross-transects (a) were transformed to a channel-fitted coor-
dinate system (b), the data were interpolated to a regularly spaced grid (c)
and transformed back to cartesian coordinates (d).
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3. Sharp bends associated with deep scours

Dls Dmax

Figure 3.3. Metrics used for the calculation of the depth excess, to quantify
the magnitude of a scour in relation to the mean depth over the cross-section.
Dls is the regional mean depth, i.e. the mean depth low-pass filtered to
retain the regional mean-depth fluctuations and Dmax is defined as the local
maximum depth.

interpolation (Figure 3.2). To characterize scouring in the bathymetry
a “depth-excess” parameter De was defined as:

De = sign(C)
(

Dmax

Dls
− 1
)

(3.5)

where Dls is the regional mean depth, i.e. the mean depth low-pass
filtered to retain the regional mean-depth fluctuations and Dmax is
defined as the local maximum depth. For example, this means that
when this parameter is equal to one, the maximum depth is double
the mean depth (Figure 3.3).

In several previous studies the bed slope has been related to the
radius of curvature through a parameter referred to as the scour fac-
tor (Odgaard, 1981; Ikeda et al., 1981; Blanckaert et al., 2013):

∂zb
∂n

= −A
Dls
R

(3.6)

where zb is the bed elevation, A is the scour factor and R the plani-
metric radius of curvature. To obtain a proxy of A from the bathymetry
data of the Mahakam, we first determined the apices of the bends as
the locations of maximum curvature between two inflection points.
Subsequently, the bend scour depth was determined as the deepest
point in the surrounding of the bend apex (i.e. the streamwise do-
main reaching one river width upstream and downstream from the
apex). At the scour location the transverse bed slope was determined
by fitting a line to the central 10% of the bathymetry.
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3.4. Results

Stream reconnaissance

A stream reconnaissance has been performed following the proce-
dure outlined by Thorne (1998). The reconnaissance was performed
along the upstream reach characterized by the presence of natu-
ral levees and lower floodplains located behind those. The data-
collection consisted of a systematic inventory of bank characteristics,
soil types, and bankface vegetation, and taking a set of photographs.
The spacing between the surveyed banks was dependent on visible
changes in bank type. At several banks, samples were collected to
determine the grain size distribution taking into account possible
vertical stratification. For some of the samples the total iron and
manganese contents were determined through digestion with per-
chloric and nitric acid followed by atomic adsorption spectrometry.
The total amount of iron and manganese was used to establish the
possible presence of plinthite in the soil (IUSS Working Group WRB,
2007). Soil profiles were sampled with a hand auger and qualitatively
described in terms of texture, redoximorphic properties, presence of
iron and manganese concretions and the portion of the profile con-
taining organic material.

Recorded bank characteristics included a bank profile, containing
the height of the bank, distinguishable layers, the slope of the layers
and bed material in these layers. Other important features such as
bank failures and toe sediment accumulation were all described. The
data collection was performed for the visible part of the banks above
the water level. By performing the reconnaissance survey during the
dry season the visible part of the bank was maximized. The disad-
vantage of sampling in the dry season is that the river is dormant
in terms of morphology, allowing for new vegetation to grow on the
banks. The resulting data were digitized in a gis.

3.4 Results

Geometric analysis

The width of the river remains relatively uniform (about 250 m) in the
lakes area. A slightly decreasing trend can be observed, which may
be related to the presence of the lakes. Downstream of the lakes, the
river width increases reaching a width of about 500 m near the delta
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3. Sharp bends associated with deep scours

apex (Figure 3.4). The sinuosity has the highest peaks in the lakes
area. Downstream of the lakes the sinuosity decreases and features
smaller peaks, which may be associated to the orographic controls
on the channel. The normalized curvature C has the highest peaks in
the lakes area, with several peaks exceeding a curvature value of 2.

Based on the depth excess parameter, 35 scours were identified
that exceed three times the river depth. Four scours exceed four
times the average depth, with the deepest scour reaching a depth of
60.2 m. Deep scours are often located in the middle of the channel
forming nearly symmetric cross-sections. Shallower scours are more
asymmetric (Figure 3.5). At the scours the river is usually much
wider compared with straight or mildly curved bends. Sharp bends
with deep scours usually lack a point bar. To test the relation between
curvature and the presence of scours, the depth excess was compared
with the normalized curvature (Figure 3.6). These two series show
a striking similarity, which is quantified based on cross-correlation.
The normalized cross-correlation peaks (ρ = 0.7) at a lag of about
half a river width (150 m), indicating that scours systematically occur
upstream of the point of highest curvature.

Previous findings suggest that values of A decrease with increas-
ing curvature. Typical values range between 2 and 5 for natural
rivers (Odgaard, 1981; Ikeda et al., 1981), but laboratory experiments
in sharp bends resulted in smaller values (Blanckaert et al., 2010,
2013). Our results confirm the existing hypothesis of lower scour
factors for higher curvature, but this result is statistically insignifi-
cant. Scour factors for mild bends in the Mahakam range between
1 and 10, while for bends with higher curvature A remains below 2

(Figure 3.7). The large scour holes found in sharp bends in the Ma-
hakam often feature a symmetric shape, with the deepest point near
the centerline. The transverse slope near the centerline will therefore
be small, decreasing the value of the scour factor. Considering this,
it can be considered inappropriate to parameterize scours of the Ma-
hakam with a single scour factor based on the transverse bed slope at
the centerline. The mid-channel scours are inherently different from
pools in outer bends.

In the lakes area, typical meander lengths are in the order of
8 km (Figure 3.8). Hardly any downstream skewed meanders are
found, while most mild meanders are upstream skewed. Several
sharply curved meanders are found, often surrounded by low curva-
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Figure 3.4. (a) Centerline with inflection points used to determine half-
meanders. (b) The raw river width (red) and the smoothed river width (blue)
showing a slightly decreasing trend in the lakes area followed by an increase
in width in the downstream part. (c) Every two consecutive half-meanders
were used to determine the sinuosity (σ) that decreases downstream. (d) The
centerline curvature was normalized with the channel width (C = W/R).
The dotted lines indicate the transition from the upstream reach, in the sed-
imentary basin, to the downstream reach, in the uplifted hilly area.
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Figure 3.5. Impression of cross-sections at a number of deep (left) and
shallow (right) scour holes. The white lines are spaced 10 m. At each cross-
section the normalized curvature and the location is indicated. Several deep
scours are found at low curvature sections (such as the scour in the bottom
left), which are mainly located in the hilly area.
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Figure 3.6. Series of normalized curvature and normalized depth excess.
These two parameters are highly correlated (normalized cross correlation
ρ = 0.70) at a lag of 150 m, indicating scouring generally occurs at a length
that corresponds to half a river width upstream of the point of highest cur-
vature). The dotted line indicates the transition from the upstream reach to
the downstream reach.

ture stretches, giving these stretches a characteristic zigzag shape. A
few double looped meanders are observed. Larger scale curving of
the river, often referred to as multiple looping, is ubiquitous in the
area and increases in strength from upstream to downstream (Fig-
ure 3.8), featuring a strong large-scale turn in the Samarinda anticli-
norium. Such complex meander structure can be related to the flood-
plain erosional heterogeneity (Güneralp & Rhoads, 2011; Limaye &
Lamb, 2014), to complex non-linear interactions between the flow
and morphology (Zolezzi & Seminara, 2001; Güneralp & Rhoads,
2009) and to vegetation density and topography induced flow re-
sistance (Lazarus & Constantine, 2013). In this area, the meander
behavior differs significantly from meandering in the lakes area (Fig-
ure 3.8). Here, the typical meander length increases, and meandering
zones alternate with relatively straight, low curvature sections (Fig-
ure 3.8). Although difficult to determine exactly, the transition in
meander behavior occurs somewhere around s =130 km, which is
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Figure 3.7. Scour factor based on the local transverse slope at the centerline,
as a function of normalized curvature. Full dots are located in the upstream
reach, and empty dots are located in the downstream reach
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Figure 3.8. Local wavelet power spectrum of the normalized centerline
curvature. The highest peaks in the spectrum, with a period of about 4-8 km,
correspond to half meanders. The somewhat smaller peaks at larger periods
(16-256 km) resemble multiple loops, which contain several half-meanders.

42
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located near the first tie-channel junction.
The comparison of old topographic maps and recent Landsat im-

ages revealed limited planimetric development in the area. Erosion
and deposition rates established from the images hardly ever exceed
the detection threshold for erosion and deposition in the available
imagery, apart from a few exceptions at the apex of river bends. The
expected erosion and deposition rates are therefore low in the area
(below 30 m over a period of 20 years). These results indicate the Ma-
hakam river planform is virtually fixed in the lakes region, although
some bend extension may occur.

Delineation of the alluvial corridor

Pronounced levees are present in the lakes area (Figure 3.1), espe-
cially in the stretch of the river north of the tie channel between the
southern lake and the river, and the tie channel connecting the river
to the northern lakes. In the area surrounded by the lakes, the levees
closely follow the river planimetry and hardly any abandoned chan-
nel or old meanders can be found, apart from those at a few locations
where bends were artificially cutoff. This confirms that this stretch
of the river is morphologically dormant. Also upstream of the lakes
region, floodplains can sharply be distinguished where inundation
under vegetation occurs. This area corresponds to the meander belt
of the river. In most of the upstream reach, the floodplains are very
wide (40-50 km).

Given the complex nature of the land cover and vegetation types
occurring in the Mahakam lakes area (Figure 3.9), there is no ap-
parent relation between the morphology and the surrounding land
cover. The proximity of large peat domes may influence the river
morphology, but nowhere in the Mahakam lakes area does the river
cut through the peat. It is therefore unlikely that the presence of peat
is directly influencing the morphology of the river.

Characterization of river banks and bars

From the information gathered during the stream reconnaissance,
eight different bank types were determined in the reach under con-
sideration (Table 3.1). We will briefly give an overview of the charac-
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3. Sharp bends associated with deep scours

Figure 3.9. Land cover map based on an unsupervised mixture modelling,
followed by a Markov Random Field classification of Fine Beam Single and
Fine Beam Dual polarization path palsar image pairs (Hoekman et al., 2010).

Table 3.1. Bank types used for classification.

Bank type Bank description

Canal Location with/near junctions
Bank Protection River training structures present
Erosive Unstable bank with erosion
Erosive stable Both stable and erosive features
Stable Bank which is neither advancing nor eroding
Advancing stable Both stable and advancing features
Advancing Actively advancing banks
Bar Sandy deposits on the banks

teristics of the main bank types, before presenting some quantitative
results on the occurrence of the different bank types.

Erosive banks

Most erosive banks consist of silty clay. The texture of the sediment
is usually coarsening upward. Gley spots are found in the entire
soil column up to a depth of four meters with the strongest gley
formation at a depth of about two to three meters, which is about
one meter above the mean water level during the dry season.
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3.4. Results

Figure 3.10. Typical bank types and features found in the Mahakam lakes
area: (a) eroding bank with a bank failure; (b) advancing bank; (c) iron
and manganese concretions (d) stable bank; (e) embayments with iron and
manganese concretions; (f) eroding bank; (g) point bar; (h) reattachment bar;
(i) Gley formation at the lower bank.

Erosive banks feature a fallow bank-face. On top of the bank a
mixture of forest and agricultural fields is found. The forest veg-
etation is dense and mature. Trees near the bank-face feature ex-
posed roots and lean over on the bank as a result of undercutting
(Figure 3.10f). Exposed roots growing back into the banks indicate
inactive erosion. Exposed roots sometimes reach such a high density
that they protect the upper bank from erosion. Total iron amounts
in combination with the physical properties of the concretions and
nodules found in the banks, indicate the presence of plinthite (Divi-
sion of Soil Survey, 1993; IUSS Working Group WRB, 2007). These
nodules and concretions give additional strength to the soil matrix.

Erosive banks along the Mahakam are generally taller than stable
or advancing banks with angles reaching 100 degrees in the upper
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Reattachment bars

Concave bank bench

Figure 3.11. Sketch of reattachment bars and outer bank benches as com-
monly found along the Mahakam river.

part of undercut banks. The middle and lower part of the banks
feature an angle of approximately 35 to 50 degrees. The bank toe
usually has an angle of 30 degrees or is nearly horizontal. Banks on
which agriculture takes place often feature a steeper and more dis-
tinct upward concave profile, while banks covered with forest have a
slight concave upper part and a convex toe. This may be caused by
a stabilizing effect of the forest vegetation on the upper part of the
bank, which is absent in the case of agriculture because of shallower
root depths.

In erosive sections of the river Mahakam, half-moon shaped em-
bayments are often found (Figure 3.10e). These embayments occur
most frequently at the inner bank of usually quite sharply curved
banks. They mostly occur at the upstream end of the concave bank.
At these embayment locations, flow recirculation is often observed
and at the downstream end of the embayments small reattachment
bars (Rubin et al., 1990) develop (Figure 3.11). Further away from the
bend, embayments are also observed, but these are usually smaller
in size with shallower incisions into the bank. Similar features have
been previously observed in tropical systems (Coleman, 1969; Darby
et al., 2010). The embayments are known to increase form roughness
of the banks, thereby decreasing lateral erosion (Darby et al., 2010).

Bank failures were observed, constituting the main process gov-
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erning erosion. They were present on most banks, and did not seem
to be related to any specific condition in the surroundings. This sug-
gests that the failures observed are mainly caused by fluvial action.
Cantilever failures were frequently encountered, mostly in associa-
tion with non-agricultural vegetation. This suggests that the roots
stabilize the top of the banks, while below the layers are eroded,
causing undercutting and eventually bank failure. At locations cov-
ered with agricultural vegetation, the main process of erosion is bank
failure and shear failure visible in pop-out and slab failures. Another
main type of bank erosion occurs as a result of rotational slip fail-
ure, which is commonly found in highly cohesive sediment (Thorne,
1998).

Stable banks

The observed soils on stable banks are generally composed of clayey
silt or silty clay, and are usually coarser than sediments in eroding
banks. Vegetation is often dominated by a dense mix of shrubs and
reed. Bamboo was often found near agricultural fields. Trees are
sparse and the toe of the bank is often fallow or sparsely covered
by vegetation. The shape of stable banks is quite consistent along
the river, with a general slope of about 20 degrees. Although these
banks are classified as stable, they are often found with subtle signs
of erosion or sedimentation.

Advancing banks

Advancing banks are generally found to be composed of alternating
layers of silt and sand, with a coarsening upward trend in the middle
of the bank, and a fining upward trend on top of the bank. The
material on the banks is unconsolidated, indicating freshly deposited
sediments. Pioneer vegetation is found near the toe of the bank,
while the middle and upper bank are densely covered with grasses,
saplings, shrubs and bushes, fringed by mature vegetation further
from the river. Woody debris is largely deposited on parts of the
banks that were exposed during low flow conditions.

Slopes on advancing banks are mild, with angles up to 15 degrees.
Heights are generally lower than two meter. Profiles can sometimes
be stepwise, which is attributed to ship induced wave erosion. Typ-
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ical for these banks is a strongly cracked, blocky layer composed of
silty material.

Bars

In the section of the Mahakam we considered, three types of bars can
be distinguished: point bars, found at convex inner banks, reattach-
ment bars (Figure 3.11), found at locations where small regions of
flow separation occur, and concave bank benches found at the outer,
concave side of a bank (Figure 3.11). Bars are characterized by a
sandy composition, with very low vegetation cover, which usually
consists of grasses. Reattachment bars were usually much smaller
than point bars, with a stepwise profile on the upstream side fea-
turing a slowly transition to a mild slope on the downstream side.
Point bars were only observed in two bends in the entire reach un-
der consideration. The apparent absence of point bars is attributed
to the impossibility to observe these features due to high water lev-
els (Figure 3.5). Ship induced wave action erodes the bars during
the dry seasons, but to a very limited extent. Also, piping and sap-
ping (Thorne, 1998) occurs in the bars, when they are not submerged
causing some additional erosion.

Occurrence of bank types and bars

After classifying the banks according to Table 3.1, we performed an
analysis of the occurrence of the banks in relation to the centerline
curvature. To this end, the banks were subdivided in inner or convex
banks, and outer or concave banks. Based on the centerline curvature
the banks were subdivided in 20 inter-percentile range classes, span-
ning 5% of the banks each. Although high curvature classes span
a higher range of curvature (see Figure 3.12), the classes based on
percentiles ensure a comparable statistical significance of the results,
for each of the classes. For each class, the relative occurrence of each
bank type was determined. Eroding and eroding/stable banks were
considered as one class in this analysis, and so were advancing and
advancing/stable banks.

Eroding banks occur most commonly on the outer bends, but for
high curvature classes, the occurrence of eroding banks at the inner
bends increases significantly (Figure 3.13a). An opposite trend is ob-
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Figure 3.12. Curvature for each of the curvature interpercentile range
classes. Low curvature classes span a smaller range of curvature, since low
curvature reaches are more common than high curvature reaches.
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Figure 3.13. Histograms of the relative occurence of a certain bank type
within a curvature interpercentile range class. The left side of each panel
shows the distribution of bank types for the inner banks or convex banks
and the right side corresponds to the outer or concave bank.
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served for advancing banks that are most common at inner bends, ex-
cept for high curvature classes, where most advancing banks are ob-
served at the outer bends. While advancing banks at sharply curved
inner bends are hardly found, bars are still present. An explana-
tion for their occurrence could be the replacement of point bars by
reattachment bars (Figure 3.11), mostly on eroding banks. In the
highest curvature class several bars are observed in the outer banks.
These bars are also referred to as concave or outer bank benches
(Figure 3.11). Stable banks occur mostly at low curvature banks and
mostly on the inner banks.

3.5 Discussion

Scours in sharp bends of the Mahakam river exceed three to four
times the average river depth. This result is surprising when consid-
ering earlier laboratory studies that found scour depths reaching two
times the average depth (Blanckaert, 2010; Blanckaert et al., 2013).
The shape of the scours, being deep and wide and lacking a point
bar, resemble the shape of circular meander pools (Andrle, 1994; Al-
ford et al., 1982) or bends in peat areas (Nanson, 2010; Nanson et al.,
2010). A common characteristic shared by the Mahakam and the
rivers described in the studies of Andrle (1994); Alford et al. (1982);
Nanson (2010); Nanson et al. (2010) is a low channel gradient and
cohesive floodplain material. All of these bends are also associated
with horizontal flow recirculation in the inner bank and sometimes
also in the outer banks.

An inversion of the erosional and depositional processes was ob-
served in the Mahakam lakes area, which is related to high channel
curvature. The river alternates between two distinct bend regimes.
In mild bends, outer banks erode and inner banks advance. In sharp
bends, the inverted processes feature stable or advancing outer banks
and eroding inner banks. Since high curvature stretches are related
to the presence of deep scours, there might be a relation between
the deep scours and the change in erosional and depositional pat-
terns. Previous studies also found a changing morphological be-
havior for increasing curvature and very sharp bends (or hairpin
bends (Woodyer, 1975)). Lateral migration is in fact known, for some
rivers, to increase for increasing values of C, until a certain threshold
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is reached, after which migration rates decrease (Hickin & Nanson,
1984; Page & Nanson, 1982; Güneralp & Rhoads, 2009). The system-
atic analysis of the Mahakam River seems to confirm these previous
findings, as high values of curvature are found in areas with limited
lateral erosion..

Morphological features found in the Mahakam lakes area are in
some respect similar to what was found in Mekong River, especially
regarding the embayments (Darby et al., 2010). The Mekong River
also features deep pools and limited lateral migration, but these pro-
cesses can be the consequence of structural constraints (Meshkova &
Carling, 2012). Similar to the Strickland River, lateral migration may
be be limited to the apices of bends, while the largest part of the river
is relatively fixed (Aalto et al., 2008). Similar low lateral erosion rates
were also observed along the Fly River which did not migrate over a
period of investigation of 50 years (Dietrich et al., 1999). Bends in the
Mahakam are found to show common features with many highly
curved bends found in usually small streams with a small stream
power in temperate regions (Andrle, 1994; Nanson, 2010).

Cohesiveness of the banks, low longitudinal slopes, wide flood-
plains and dense vegetation are hypothesized to be the main ingre-
dients leading to the anomalous morphology found in the Mahakam
lakes area. The pronounced differences in morphology suggest the
occurrence of anomalous flow patterns creating the scours. The large
depth variations associated to the scours present challenges for mon-
itoring and modeling of rivers such as the Mahakam. The excessive
depths have motivated the development of a new technique to pro-
cess repeat-transect acoustic Doppler current profilers (adcps) data
(Chapter 4), which allows monitoring of flow in the scours. The
abrupt bed level changes may cause a strong vertical flow compo-
nent, invalidating the assumption of a hydrostatic pressure distribu-
tion in common Reynolds-averaged Navier Stokes (rans) models.

3.6 Conclusions

In the Mahakam river, sharp bends are systematically related to deep
scours located upstream of the point of highest curvature. The scours
occur at a distance upstream of the bend apex which corresponds to
half the local river width. At high-curvature sections, patterns of ero-
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sion and deposition invert, and new features develop such as embay-
ments in the inner banks and cohesive bars at the outer banks. The
lack of old channels in the floodplains, suggests that the planimetric
development is limited. This can be caused by the presence of the
embayments or by the non-harmonic type of meandering behavior
the system develops, creating scours that counteract meander migra-
tion, or by a combination of both. Contrary to expectations, the scour
holes did not coincide with local bank characteristics, such as highly
resistant bluffs. The scours can be considered a product of autogenic
processes, which may be typical for tropical lowland areas. Low
stream power and wide floodplains, combined with erosion resistant
material and vegetation in the area, may cause the river planform to
freeze, and a zig-zagged meander pattern to develop with very deep
scours.
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CHAPTER 4

Improved flow velocity
estimates from

moving-boat ADCP
measurements

Abstract

Acoustic Doppler current profilers (adcps) are the current
standard for flow measurements in large scale open water sys-
tems. Existing techniques to process vessel mounted adcp data
assume homogeneous or linearly changing flow between the
acoustic beams. This assumption is likely to fail, but is never-
theless widely applied. We introduce a new methodology that
abandons the standard assumption of uniform flow in the area
between the beams and evaluate the drawbacks of the standard
approach. The proposed method strongly reduces the extent

This chapter is based on: Vermeulen, B., M. G. Sassi, and A. J. F. Hoitink,
2014, Improved flow velocity estimates from moving-boat adcp measurements, Water
Resour. Res., doi:10.1002/2013WR015152
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over which homogeneity is assumed. The method is applied to
two field sites: a mildly curved bend near a junction featuring
a typical bend flow and a sharply curved bend that features a
more complex sheared flow. In both cases, differences are found
between the proposed method and the conventional method.
The proposed technique yields different results for secondary
flow patterns compared with the conventional method. The ve-
locity components estimated with the conventional method can
differ over 0.2 m/s in regions of strong shear. We investigate
the number of repeat transects necessary to isolate the mean
flow velocity vector from the raw adcp signal, discarding the
influences of noise, positioning and projection errors, and tur-
bulence. Results show that several repeat transects are neces-
sary. The minimum number of repeat measurements needed
for robust mean velocity estimates is reduced when applying
the proposed method.

4.1 Introduction

Acoustic Doppler current profilers (adcps) are the current standard
for flow measurements in large scale open water environments (Dine-
hart & Burau, 2005b; Buschman et al., 2013; Sassi et al., 2013; Jamieson
et al., 2011). Current techniques to process adcp data (Kim et al.,
2009; Le Bot et al., 2011; Parsons et al., 2013) assume homogeneous
flow between the measured radial components of velocity, often re-
ferred to as radial velocities (Figure 4.1a). This homogeneity assump-
tion is often questionable (Marsden & Ingram, 2004), but, never-
theless, widely applied. We propose a technique to process vessel
mounted adcp data that reduces the volume in which the flow is
considered homogeneous. This volume is reduced by abandoning
the standard procedure of combining inclined adcp beams that mea-
sure simultaneously. Instead, we combine radial velocities based on
their position within a predefined mesh (Figure 4.1a,b). The combi-
nation of several radial velocities leads to one, best fitting velocity,
estimated with a least squares method. The velocity achieved by this
approach can differ up to 40% from that obtained with the conven-
tional approach.

adcps do not directly measure the Cartesian components of a ve-
locity vector. The velocity vector can only be reconstructed by com-
bining several radial velocities. This necessarily leads to the common
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Stream
tube

Mesh cell

d1

d2
d3

a. b.

c. d.

ADCP ADCP at t0 ADCP at t1

ADCP ADCP

Figure 4.1. Tilting strongly affects the location where velocity is sampled
(a). The large spread of the beams implies that, when combining velocity
samples from different beams directly, the sampling volume is very large
(gray area in a). This renders the location of the velocity estimate to be
unclear. The assumption of flow homogeneity also fails due to the large
sampling volume (a). A better approach is to combine velocity sampled
in the same location (e.g. in a mesh cell indicated as the grey area in b)
instead of combining velocity sampled simultaneously by the acoustic beams
of the adcp. When bed gradients are present, it is better to combine velocity
samples from the same relative depth. Based on a continuity consideration,
a stream-tube approach can be adopted (c). To determine the relative depth,
the actual depth of the velocity sample (d1 in d) must be determined. This
can differ significantly from the depth at the end of an acoustic beam (d3) or
the average depth of the acoustic beams (d2).
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assumption of a homogeneous flow between the measuring locations
of the radial velocities. The set of radial velocities that leads to a flow
velocity estimate directly determines the extent over which the flow
is assumed homogeneous.

At present, vessel mounted adcp data processing techniques typ-
ically solve for the velocity based on - generally three to four - radial
velocity components. These radial velocity measurements originate
from the three or four available acoustic beams and are collected
during one measuring cycle, and at one specific depth (Marsden &
Ingram, 2004; Kawanisi, 2004; Kim et al., 2009; Le Bot et al., 2011; Par-
sons et al., 2013; Tokyay et al., 2009; Muste et al., 2010; Nystrom et al.,
2007; Gargett, 1994). Since acoustic beams diverge with distance from
the adcp, the distance among the measured radial velocities increases
when moving away from the adcp (Figure 4.1a). This results in an
increase of the volume in which the flow is assumed homogeneous.
Although this homogeneity assumption is widely applied, it is likely
to fail.

A way to deal with this inhomogeneity is to apply a correction to
account for first order shearing in the flow (Marsden & Gratton, 1997;
Marsden & Ingram, 2004; Kawanisi, 2004). This correction is achieved
by Taylor expansion of the solution of the velocity vector. These
corrections were derived for three beams (Kawanisi, 2004) and four
beams systems (Marsden & Gratton, 1997; Marsden & Ingram, 2004).
With these corrections, the flow is no longer assumed to be constant,
but may vary linearly within the measuring volume. The volume
in which linear change of the flow is assumed remains, however,
unchanged.

There are several conditions that may lead to flow inhomogeneity.
Turbulence causes both spatial and temporal variations in the flow.
An instantaneous adcp velocity measurement therefore contains con-
tributions by the mean flow, turbulence and instrumental noise. Typ-
ically, the contribution by turbulence overwhelms the noise effect
(Lu & Lueck, 1999a, Chapter 4). Turbulence-induced time variations
require vessel mounted adcp transects to be navigated repeatedly at
the same cross-section (Szupiany et al., 2007; Tarrab et al., 2012). This
allows to isolate the mean flow contribution. Turbulence-induced
spatial variations affect the quality of velocity estimates by introduc-
ing flow inhomogeneity, when the scales involved are smaller than
the distance between the acoustic beams (Marsden & Ingram, 2004).
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Other sources of inhomogeneity include large gradients in bed to-
pography, mixing layers at confluences and secondary flows at river
bends, which can result in considerable spatial gradients in the mean
flow velocity field (Figure 4.1c).

We introduce a generic approach to estimate flow velocity given
an arbitrary set of radial velocities in Section 4.2. We explain how
to estimate the variance in flow velocity and we define the mesh
in which we estimate velocity. Subsequently we give more details
about the estimation of ship velocity, defining sections, positioning
the velocity data and non-dimensionalizing the depth. The method
is applied to two field cases, yielding results presented in Section 4.3.
These results specifically address the homogeneity assumption and
the role of turbulence. We discuss the results and draw conclusions
in Section 4.4.

4.2 Method

Estimating velocity

Given an arbitrary set of measured radial velocities, we intend to
find a ‘best fit’ mean velocity vector, representing the average over
the time span of available transect data. Radial velocities measured
within a predefined volume contain information about the average
velocity of the flow in that volume. The radial velocity measured by
an adcp is the projection of the velocity vector in the direction of the
acoustic beam. The direction of the acoustic beam can be described
by a unit vector q. The measured radial velocity b relates to the
velocity v as:

b = v · q = qTv (4.1)

If we consider a set of N radial velocity samples we can write: b1
...

bN

 =

qT
1
...

qT
N

 v ⇐⇒ b = Qv (4.2)

where v may be replaced with a Taylor expansion around the cen-
ter of the volume spanned by a set of radial velocities (Marsden
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& Ingram, 2004; Kawanisi, 2004) to account for remaining inhomo-
geneities. In practice, the radial velocity will be affected by instru-
ment noise, the effect of turbulence, spatial inhomogeneity and other
errors:

b = Qv + ε , (4.3)

in which ε is the combined effect of all errors. The solution for the
velocity is found in such a way that the sum of squared errors ε̂Tε̂ is
minimized. The estimate of the velocity v reads (Johnson & Wichern,
2007, Chapter 6):

v̂ = Q+b , (4.4)

in which Q+ = (QTQ)−1QT is the generalized inverse of Q. The
matrix Q can be rank deficient when the number of radial veloc-
ity estimates included is too small. A single repeat-transect already
yields sufficient samples to invert Q, provided the vessel speed is not
too high.

Estimating velocity variance

The residuals ε can be estimated as

ε̂ = b−Qv̂. (4.5)

From this we can also obtain the covariance matrix of the velocity
estimator (Johnson & Wichern, 2007)

var(v̂) =
ε̂Tε̂(QTQ)−1

N − 3
. (4.6)

This relates to the velocity covariance as in:

var(v̂) =
var(v)

N
. (4.7)

The estimate of residuals in radial velocity can be used to remove
possible outliers.
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20 m

5 m

Figure 4.2. Example of a mesh generated for velocity processing at section
8 (Figure 4.4). The mesh follows in each vertical the bed in the same way a
σ-mesh would do, but has a varying number of cells in the vertical, to ensure
a nearly equal number of velocity samples in each mesh cell. The gray lines
indicate the connectivity between the cells, necessary for the computation of
derivatives.

Meshing

The navigated section during a repeat transect can be subdivided
in small volumes by defining a mesh. All radial velocities within a
mesh cell, from several repeat transects, are used to solve for the flow
velocity according to Section 4.2.

The mesh generation procedure starts by subdividing the section
in vertical slices with a user-defined width (∆n). The lower bound-
ary of the mesh is set to the lowest part of the water column not
influenced by side-lobes (in our case 0.06 of the water depth). The
upper boundary is determined by the highest location where a radial
velocity sample is available.

Subsequently, each of the vertical slices is split in several cells.
The available vertical distance is subdivided in an integral number
of parts such that the given vertical mesh size (∆z) is best resem-
bled. A mesh cell will have six edges, two on the left side, two
in the middle and two on the right side (see mesh in Figure 4.2).
Eventually, the vertical z coordinates of the mesh are converted to
non-dimensional coordinates σ, as defined in Equation 4.11. The
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mesh itself defines an intrinsic coordinate system (ν, ζ), correspond-
ing to rows and columns. The connectivity of neighboring cells is
chosen such that the vertical coordinate z remains relatively constant
for a constant value of ζ (Figure 4.2). Since this is not everywhere
the case, we need to apply a correction to the computation of the
derivatives. The gradient of a quantity defined on the mesh can be
computed as: 

∂

∂n
∂

∂z

 =


∂ν

∂n
∂ζ

∂n
∂ν

∂z
∂ζ

∂z




∂

∂ν

∂

∂ζ

 (4.8)

where n is the horizontal coordinate on the section plane. All deriva-
tives are approximated based on central differences.

Estimating ship velocity

The raw radial velocity samples have to be corrected for the ship ve-
locity. One way to estimate ship velocity is to use a so-called bottom-
ping, which estimates the vessel speed with respect to the river bed,
assumed to be fixed. This method fails when the range to the bed
is too high, or when the river bed is moving due to bed-load sedi-
ment transport (Rennie et al., 2002; Sassi et al., 2011b). An alternative
method requires the use of an accurate gps to estimate ship veloc-
ity. In this study, all raw radial velocities were corrected for the ship
velocity, transformed to radial components, based on differential gps

data. The use of gps as a reference is not a prerequisite for the appli-
cation of the proposed method.

Transect splitting and section definition

The track navigated by the vessel during data collection is defined
by all positions of the adcp, pa, expressed in a projected geographic
coordinate system (x, y, z), and usually collected with a gps device
(The vertical component z of pa is set to the draft of the adcp trans-
ducers). The track is split into single crossings, each belonging to
a river section (Figure 4.3 and Figure 4.4), based on which the data
will be further processed. For each section we define a direction,
which together with the vertical (k), defines a plane on which the
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Figure 4.3. Track navigated by the vessel, included in the data processing
at a sharp bend exemplifying the new method. The flow in the figure is
in the direction of the o vectors. The track is divided in several sections
indicated by a number. For each section the along section direction t and
orthogonal direction o is indicated by the arrows in the colors green and red,
respectively.

data will be projected. The direction of a section t is determined as
the largest eigenvector of the covariance matrix of pa. The horizontal
direction, orthogonal to t, is defined by the unit vector o (Figure 4.3
and Figure 4.4). Any position p is transformed to a coordinate sys-
tem defined on the section plane

s
n
z

 =

(p− pa) · o
(p− pa) · t

p · k

 , (4.9)

where pa, denotes the average of all track positions belonging to a
certain section.
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Figure 4.4. The track navigated by the vessel is divided in two sections
indicated by numbers. The flow in the main channel at the bottom of the
figure is in the direction of the o vectors. The flow in the side-channel at the
top is from top to bottom. For each vector, the along section direction t and
the orthogonal direction o is indicated by the arrows in the colors green and
red, respectively.

Positioning of radial velocities

The location of the radial velocity sample determines which mesh
cell the radial velocities belong to. In an adcp centered coordinate
system, the spatial orientation of the acoustic beams of an adcp can
be described by a unit-vectors q̃ for each beam. To account for the
orientation of the adcp during data collection, we need to rotate the
coordinate system to the projected geographic coordinate system q =
Tq̃. The rotation matrix T is usually composed of three consecutive
rotations in space that transform the adcp-fitted coordinate system
to a projected geographic coordinate system. The definition of T
will mainly depend on the way the instrument measures the three
consecutive rotations. The position of a radial velocity measurement
at a range r from the instrument is

p = pa + rq. (4.10)

The same approach is followed to determine the position of the bed
based on the range to the bed measured by the adcp.
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Non dimensional depth

Commonly, when processing adcp data, the depth detected at the
end of the beam is considered representative for all measurements
performed along that beam. This can be correct when the gradient
in the bed elevation is limited. When strong bed level gradients are
present, the depth at a velocity measurement can be quite different
from the depth at the end of the acoustic beam (see Figure 4.1d). The
proper depth at each radial velocity is found by interpolation from
a pre-determined bathymetry. This bathymetry is constructed using
all depth measurements obtained with the adcp. For each velocity
measurement position, pv, we therefore find the corresponding bed
position pb. With the obtained bed position we non-dimensionalize
the vertical coordinate:

s
n
σ

 =


(pv − pa) · o

(pv − pa) · t

1− pv · k− η

pb · k− η

 , (4.11)

where η is the fluctuation of water level around the mean water level
at which z = 0.

4.3 Results

We process two datasets according to the proposed method. The data
were collected at two locations along the Mahakam River, East Kali-
mantan, Indonesia. This river features several bends with very deep
scour holes often exceeding three times the average depth, reaching
depths of typically 45 m (Chapter 3). We selected two locations, one
featuring a strongly sheared flow near a sharp bend (Figure 4.3) and
another at a mild bend near a junction (Figure 4.4).

The two datasets are processed both according to the proposed
method and according to the conventional processing approach. The
conventional method differs from the proposed method only in the
way velocity vectors are estimated, i.e. directly from simultaneously
measured radial velocities, from each of the four adcp beams.
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Velocity difference magnitude (m/s)
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Figure 4.5. The top panel shows the flow pattern at section 3 (Figure 4.3)
based on the proposed method. The colors indicate the longitudinal velocity
component, while the arrows indicate the velocity components in the section-
plane. In horizontal direction, there is a strong shearing in the flow. This
results in large differences between the conventional processing method and
the method proposed.

Flow inhomogeneity

At large distance from the adcp, differences between the two meth-
ods are most pronounced, because the beam spreading increases
with depth from the surface. The difference between the two meth-
ods reaches in some areas values of 0.24 m/s, which is a signifi-
cant portion of the total magnitude of the estimated velocity (Fig-
ure 4.5). These large differences not only occur in sections with com-
plex flows. Also at section 7, with a relatively simple flow pattern
including a secondary circulation cell due to curving of the river, dif-
ferences are high compared to the total magnitude of the velocity
(Figure 4.6). The vertical component in the uppermost velocity esti-
mates appears to be biased low. This can be attributed to the effect of
the vessel interfering with the flow (Tokyay et al., 2009; Muste et al.,
2010; Jamieson et al., 2011).

Thirty percent of the cells have a relative difference in longitu-
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Figure 4.6. Secondary flow at section 8 (Figure 4.4) based on the proposed
method (top panel). The flow is typical for a mildly curved bend. The mag-
nitude of velocity differences between results from the proposed and the
conventional methods shows large differences where the flow is inhomoge-
neous over the area between the acoustic beams (bottom panel).

dinal velocity between 0 and -10% (Figure 4.7). The difference in
longitudinal velocity between the two methods can exceed 20 cm/s.
When integrated over the cross-section, differences become insignif-
icant. This shows that the conventional method acts as an effective
smoother, such that variance is reduced, but the longitudinal flow is
preserved.

Velocity estimates differ most in the cross-stream and vertical di-
rection (Figure 4.7b,c). Only about 15% of the cross-sections have
a relative difference in velocity magnitude of less than 10%. The
remainder of the cross-sections show larger differences. The new
method results in secondary flow velocity estimates which are markedly
different from those obtained with the conventional method. The
large number of samples with differences exceeding 100% is mainly
resulting from low values of secondary velocity.

The streamwise vorticity of the flow (Figure 4.8) seems smoother
in the conventional method compared to the proposed method. The
reason for this can be the fact that the conventional method com-
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Figure 4.7. Histograms of relative error in the streamwise (a), cross-stream
(b) and vertical (c) velocity components at section 3 and section 8. A positive
error indicates an overestimation based on the conventional method.
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Figure 4.8. Streamwise vorticity for section 3, determined with the pro-
posed method (a) and with the conventional method (b).

bines velocity samples collected at much larger distances than the
proposed method, introducing spatial smoothing. The secondary
flow patterns are different between the two methods. A secondary
flow cell clearly visible in the results obtained with the proposed
technique is resolved differently in the results obtained with the con-
ventional method (Figure 4.8). The core of the secondary flow cell is
located closer to the bed in the conventional method and below the
core no flow toward the inner bank (to the right in Figure 4.8) is ob-
served. The largest differences in secondary flow occur at locations
with strong shearing.

Turbulence and inhomogeneity

The estimated variances (Equation 4.6 and Equation 4.7) of the veloc-
ity are strongly influenced by the flow inhomogeneity within a mesh
cell. The estimated variance for the conventional method is deter-
mined as the variance of the Cartesian estimators of velocity within
a mesh cell. We can expect this variance to be biased low, compared
to the variance estimated for the proposed method, since we do not
take into account the variance in the initial radial velocities.
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Figure 4.9. Standard deviation of the velocity estimated at section 3. The
top graph is based on results from the proposed method. The lower graph
is based on results from the conventional method. River crossings were
progressively included to estimate the standard deviation in velocity, for
different horizontal mesh cell sizes.

When more repeat transects are included in the estimate of the
velocity variance we expect the variance to increase until enough
repeat transects are included. The variance will only reach a stable
value under steady flow conditions (Soulsby, 1980). Once a stable
value of the variance estimate is obtained, it is reasonable to conclude
that enough data were collected to obtain a robust estimate of the
mean velocity vector. This analysis was performed with different cell
sizes (Figure 4.9).

For section 3, the variance is increasing when more repeat tran-
sects are included. This is attributed to a higher temporal cover-
age of turbulence induced fluctuations. At a certain number of re-
peat transects, the estimated variances in velocity stabilize. Typically,
four to five repeat transects are needed when using the proposed
method, while many more transects are needed when the conven-
tional method is adopted. The improvement in variance convergence
is most pronounced for smaller mesh cell sizes. This can be explained
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by the fact that the current method provides the largest improve-
ments when the cell size is much smaller than the beam spread.

The estimates of variance, which is mostly caused by turbulence,
benefit more from the inclusion of additional repeat transects than
from a larger mesh cell size. These results confirm earlier findings
by Tarrab et al. (2012). Increasing the mesh cell size, or applying
a spatial smoother, only improves the estimates of the spatially in-
duced variance. The temporal component of the variance is strongly
improved when including more repeat transects. Due to ship mo-
tions, this variance cannot be used to estimate turbulence properties
(Lu & Lueck, 1999a).

4.4 Discussion and conclusions

A new method is proposed to yield improved velocity estimates
from moving boat measurements. The new method abandons di-
rect combination of velocity estimates from the four acoustic beams
to a Cartesian velocity vector, which is intuitively appealing, and has
gained wide acceptance. Since the acoustic beams are divergent and
sample synchronously, velocity estimates from three beams at the
same horizontal level yield the instantaneous Cartesian velocity vec-
tor, provided that the instantaneous velocity field between the three
beams at that level is spatially homogeneous. The latter assumption
is largely valid for the mean flow, but not for turbulence-induced ve-
locity fluctuations (Chapter 6, Stacey et al., 1999a). To some degree,
the fourth acoustic beam can be used to reduce the effect of spa-
tial inhomogeneity of turbulent fluctuations, but repeat transects are
indispensable to remove it completely, and to take out the effect of
temporal variation. In the new method, the mean Cartesian velocity
vector is retrieved in a single step based on a least squares procedure.

The proposed method reduces the spatial extent of the region
over which turbulence-averaged properties are assumed to be homo-
geneous, which applies both to the conventional and to the proposed
method. In the conventional approach, the quality of the velocity es-
timates generally deteriorates with distance from the transducer, be-
cause of the increasing aperture between the beams. Also, instrument
tilts directly lead to a loss of accuracy, depending on the distance to
the transducer. The new approach features a very generic way of
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dealing with beam spreading and instrument tilts, and can be ap-
plied to any beam configuration. It can also be extended to perform
a first order correction for the inhomogeneity (Marsden & Ingram,
2004; Kawanisi, 2004).

The method is shown to provide results that differ from results
obtained with conventional processing methods. The method allows
to better recognize secondary flow cells. Beam divergence acts as a
spatial filter (González-Castro & Muste, 2007), with a filtering win-
dow that increases with distance from the adcp transducer. This
leads to a reduction of the variance in velocities, but leaves the cross-
section integrated velocity unaffected.

Our results confirm earlier findings of Szupiany et al. (2007) and
Tarrab et al. (2012), who argue that several repeat transects are needed
to obtain robust estimates of the turbulence averaged velocity. The
proposed method seems to reduce the minimum number of repeat
transects needed. When estimating the variance in velocity, progres-
sively including more repeat transects is shown to be an effective
method to assess the effect of turbulence-induced inhomogeneities
on the estimated velocity. A single repeat-transect already yields suf-
ficient data to estimate the velocity vector, which holds both for the
proposed method and for the conventional method. The inclusion of
a larger number of repeat-transects serves to isolate the mean velocity
vector, but is not a prerequisite to apply the proposed method. Mean
velocity estimates obtained either from the conventional method or
from the new method suffer from errors in positioning and projec-
tion, essentially in the same way. The solution to the problem of
beam divergence presented here comes at no extra cost other than
restrictions to the mesh, to guarantee enough velocity samples in
each mesh cell.

The new method can have far-reaching implications for those us-
ing vessel mounted adcps for flow velocity measurements. The rel-
evance for procedures to obtain river discharge (e.g. Gordon, 1989;
Le Coz et al., 2008; Nihei & Kimizu, 2008; Sassi et al., 2011b; Hi-
dayat et al., 2011) is limited, since cross-section averaged velocity is
largely unaffected. Secondary flow patterns appear to be different
with the proposed method, resulting in different positioning of the
core of secondary recirculations. It will be particularly relevant for
studies of complex geophysical surface flows, focusing on sediment
transport (e.g. Rennie et al., 2002; Thorne & Hanes, 2002; Hoitink,
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2004; Hoitink & Hoekstra, 2005; Kostaschuk et al., 2005; Parsons et al.,
2005; Buschman et al., 2012; Moore et al., 2012; Sassi et al., 2012; Szu-
piany et al., 2012), flow division at bifurcations (e.g. Richardson &
Thorne, 2001; Dinehart & Burau, 2005a; Sassi et al., 2012; Buschman
et al., 2013) or detailed flow patterns related to channel junctions (e.g.
Rhoads & Sukhodolov, 2001; Dinehart & Burau, 2005a; Lane et al.,
2008) and near obstacles (e.g Jamieson et al., 2011; Le Coz et al.,
2010).

4.5 Software availability

The methods presented have been implemented in a set of open-
source matlab functions. They have been made available online
(http://adcptools.googlecode.com). Processing is performed com-
bining binary input files and nmea based ascii input files.
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CHAPTER 5

Flow in a sharp river bend
with a local increase in

cross-sectional area

Abstract

Horizontal flow recirculation is often observed in sharp river
bends, causing a complex three-dimensional flow structure with
large implications for the morphological and planimetric devel-
opment of meanders. Several field observations in small scale
systems show that sharp bends are often found in association
with a strong increase in cross-sectional area, the deposition of
outer bank benches and reattachment bars near the inner bank.
Recent studies show that these bends can also occur in large
scale systems. In this study, we present field measurements of
a sharp bend in the Mahakam River, East Kalimantan, Indone-
sia. The cross-sectional area increases by a factor three com-
pared with the reach averaged cross-sectional area. The field

This chapter is based on: Vermeulen, B., A.J.F. Hoitink, R.J. Labeur, Flow in a
sharp river bend with a local increase in cross-sectional area, Submitted to J. Geophys.
Res.: Earth Surf.

73



5. Flow in a sharp and wide bend

measurements are analysed together with the results from nu-
merical simulation with a 3D finite element model. The results
show the importance of the increase in cross-sectional area in
the development of horizontal recirculation. Strong downflow
(12 cm s−1) alters the hydrostatic pressure distribution and ad-
vects longitudinal momentum towards the bed, causing the flow
to concentrate in the lower part of the cross-section. This in-
creases the bed shear stress, which is expected to maintain the
large scour depth found in several bends along the Mahakam
River.

5.1 Introduction

Horizontal flow recirculation is often observed in sharp river bends
(Carey, 1969; Woodyer, 1975; Page & Nanson, 1982; Hickin, 1986;
Andrle, 1994; Ferguson et al., 2003; Blanckaert et al., 2013; Beltaos
et al., 2012). Separation can occur near the inner bank or at the outer
bank, and has large implications for the morphological development
of river meanders. Separation at the outer bank can drive the depo-
sition of a concave bank bench (Page & Nanson, 1982). At the inner
bank, separation directs the flow to the outer side of the bend, re-
sulting in strong vertical flow impinging on the bed (Hodskinson &
Ferguson, 1998; Blanckaert, 2010). In sharp bends the cross-sectional
area often increases (Blanckaert, 2010), sometimes dramatically (An-
drle, 1994; Beltaos et al., 2012, Chapter 3). A recent field study (Chap-
ter 3) has shown that along the Mahakam River sharp bends strongly
correlate with deep scours and are a ubiquitous feature along an al-
luvial reach of the river with no consolidated outcrops. The scours
found along a tropical river are similar to scours found in an Arctic
region, in the Mackenzie Delta (Gharabaghi et al., 2007; Beltaos et al.,
2012). These field observations strongly challenge our present knowl-
edge of flow in sharp bends, which does not provide a satisfactory
explanation for the formation of such scours.

In the present study, we investigate the flow at one of the sharp
bends in the Mahakam River, Indonesia. Acoustic Doppler Current
Profiler (adcp) data are processed using a newly developed method
(Chapter 4) that allows relaxation of the homogeneity assumption,
which is likely to fail in the sheared flow conditions and large depths
found in the bend under consideration. The field measurements are
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complemented with results from a numerical model (Labeur & Wells,
2012). We show that the increase in cross-sectional area, occurring at
sharp bends, can induce a strong adverse water surface gradient,
which is one of the main drivers of flow reversal. A geometric analy-
sis of the Mahakam River shows that increasing curvature results not
only in an increase in scour depth, but also in the total cross-sectional
area. The local increase of cross-sectional area results in a reversed
Venturi effect, explaining recirculation at the banks.

5.2 Field measurements

Location

Flow data were collected in a sharp bend (Figure 5.1) of the Mahakam
River, East Kalimantan, Indonesia. This bend is located in the Ma-
hakam lakes region and is representative for a large number of sharp
bends with deep scours found in this region (Chapter 3). The river
bend features a minimum radius of curvature of 216 m and a mean
width of about 235 m. Just before the point of maximum curvature
the depth reaches a maximum of 43.5 m. The bend also widens until
a maximum width of 307 m. The cross-sectional area increases from
about 2200 m2 up to 7000 m2.

The flow data were collected using a 1200 kHz acoustic Doppler
current profiler (adcp), mounted on a vessel looking downward into
the flow. The vessel sailed a track along seven cross-sections each of
which was navigated 16 times (Figure 5.1). During the survey, the
water level remained constant with an average discharge of about
1700 m3 s−1. Bed samples taken in the bend were mostly composed
of fine sands. In the deep scour several samples were taken contain-
ing mostly clay.

Geometric analysis

The river centreline was extracted from Landsat etm+ images (Sec-
tion 3.3). Given the Cartesian coordinates of the centerline x and y as
a parametric function of s, the curvature C normalized by the width
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Elevation (m)
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Figure 5.1. Track navigated by the research vessel during data collection.
The color shades indicate the river bed elevation. The numbers next to the
navigation track indicate the river crossing used for data processing.

W is computed as (Legleiter & Kyriakidis, 2006):

C = W
x′y′′ − y′x′′

(x′2 + y′2)
3
2

, (5.1)

in which the prime (′) denotes a derivative with respect to s.
The depth of the river, obtained with a single beam echo-sounder

and corrected for water level fluctuations, was used to determine the
depth-excess parameter Dex. This parameter is defined as:

Dex =
Dmax

Dls
− 1 (5.2)
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where Dls is the regional mean depth, i.e. the mean depth low-pass
filtered to retain the regional mean-depth fluctuations and Dmax is
defined as the local maximum depth. For example, this means that
when this parameter is equal to one, the maximum depth is double
the mean depth (Figure 3.3). From the depth, the cross-sectional area
was determined. The cross-sectional area was used to define the
area-excess parameter Aex:

Aex =
A

Als
− 1 (5.3)

where Als is the regional cross-sectional area, i.e. the mean depth
low-pass filtered to retain the regional area variation.

ADCP data processing

The collected adcp data were processed with a method that allows to
reduce the extent of the homogeneity assumption (Chapter 4). This
assumption is needed when combining the raw radial components
of velocity collected by an adcp. Conventional processing techniques
combine raw velocity components that are collected simultaneously
at a significant distance. The method used in this study combines
raw components collected in a predefined cell. This reduces the vol-
ume in which the flow is considered homogeneous from the distance
between the beams to the size of a cell (Chapter 4).

5.3 Numerical modeling

The flow in the sharp bend was simulated using a finite element
model (Labeur & Pietrzak, 2005; Labeur & Wells, 2007), which com-
bines the upwinding possibilities of discontinuous Galerkin methods
while preserving the low number of degrees of freedom typical of a
continuous Galerkin approach (Labeur & Wells, 2007). The model is
three-dimensional and can handle a non-hydrostatic pressure distri-
bution. It has a moving surface boundary that allows to solve the
free water surface (Labeur & Wells, 2009). Large eddy simulation
was used as the turbulence closure solution.

The domain of the model includes an upstream bend and the
bend under consideration. The banklines were defined at a water
depth of 20 cm. The mesh was generated with a uniform mesh size
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5. Flow in a sharp and wide bend

20 m

Figure 5.2. Detail of the computational mesh, generated with an element
size of 4 m.

of 4 m (Figure 5.2). The upstream boundary conditions were set to
a constant discharge of 1700 m3 s−1 and the downstream boundary
conditions were set to a fixed water level. Both were estimated from
the adcp measurements. Each computation simulated 7 h of flow
with a time step of 3 s.

Model calibration

To allow for comparison between the model and the field measure-
ments, the model results were linearly interpolated to the mesh used
for field data analysis (Chapter 4). The model was calibrated chang-
ing the roughness parameterized by the Nikuradse length. The cali-
bration focused on the scour region including cross-sections 2 through
4 (Figure 5.1). The root mean squared error was computed resulting
in the lowest values for a Nikuradse length of 4 mm (Figure 5.3). The
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Figure 5.3. Calibration of the model for different roughness values (kN).
The lowest root mean squared error is obtained for a roughness of kN =
4 mm

cross-stream flow components v and w correspond well with the ob-
served values. The correspondence of the modeled and measured
velocity components is limited for the longitudinal flow at cross-
section 2, upstream of the scour. The correspondence improves for
cross-sections 3 and 4 and is best for a Nikuradse length of 4 mm
(Figure 5.4). The cross-stream flow components v and w correspond
well with the oberved values.

5.4 Results

Geometry

The depth excess and the area excess are compared with curvature.
The curvature was used to define inter-quantile range classes to en-
sure an equal number of data in each class. For increasing curvature,
both the depth excess and the area excess increase in a similar way
(Figure 5.5). This shows that the cross-sectional area gradually in-
creases for increasing bend sharpness. At sharply curved bends the
cross-sectional area seems to become more constant, although a slight
increase is still observable.
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Figure 5.5. Depth excess and area excess averaged for interquantile range
classes of curvatutre.
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Depth-averaged flow structure

The depth-averaged flow features two large recirculation cells adja-
cent to the scour, just before the location where the highest curvature
occurs (Figure 5.6). The two cells reduce the width of the cross-
section carrying discharge. The incoming upstream flow converges
horizontally, forming a jet-like structure between the two recirculat-
ing cells. After the scour, the flow strongly diverges horizontally. At
the bend apex, the flow is nearly uniform over the width and near
the inner bank the flow is directed to the downstream channel. After
the apex, the flow restores a typical bend flow profile, with the core
of the flow near the outer bank.

Adverse water surface gradients are a necessary, but not sufficient
condition to cause separation of the flow (Blanckaert, 2010). The
adverse water surface gradients are generated by sudden changes
in curvature and are counteracted by the surface slope induced by
roughness. This leads to the following relation (Blanckaert, 2010;
Blanckaert et al., 2013):

∂zs

∂s
= −CfFr2 + Fr2 ∂

∂s

(
H
R

)
n (5.4)

where zs is the water surface, s is the downstream distance along the
centerline, Cf is a friction factor, Fr is the Froude number, H is the
mean depth, R is the local radius of curvature and n is the transverse
coordinate. The first term on the right hand side of Equation 5.4 is the
effect of roughness and the second term is the adverse longitudinal
gradient induced by transverse tilting of the water surface, caused by
changes in curvature.

The curvature-induced adverse water surface gradient is a func-
tion of n, which means that in the outer side of the bend, it will
cause an adverse gradient, while in the inner side it will decrease the
downstream gradient. Apart from changing curvature an often ob-
served phenomenon is the increase in cross-sectional area at sharply
curved bends. The increasing cross-sectional area will decelerate the
flow causing an increase in pressure which will result in an adverse
water surface slope.

Including the effect of the increasing cross-sectional area we ob-
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Figure 5.6. Measured and modeled depth-averaged velocity. The color
shades indicate the bed elevation, the black arrows represent the measured
depth-averaged flow and the white arrows indicate the modeled depth-
averaged flow.
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tain the following relation:

∂zs

∂s
= −CfFr2 + Fr2 ∂

∂s

(
H
R

)
n +

Fr2

W
∂A
∂s

(5.5)

where W is the river width and A is the cross-sectional area. This last
term becomes important when significant changes in cross-sectional
area occur in the longitudinal direction. We can quantify each of the
terms above for the outer side of the bend considered here.

At the scour we can see both the effect of the changing curvature
(Figure 5.7a) and the increase in cross-sectional area (Figure 5.7b)
induce an adverse water surface gradient. The dramatic increase in
cross-sectional area in this bend induces an adverse gradient which is
steeper than the adverse gradient induced by curvature (Figure 5.7).
This suggests that in this bend the non-uniformity induced by the
increase in cross-sectional area is the dominant factor inducing flow
recirculation at the outer side.

The changing curvature steers surface elevation contour lines to
become more or less parallel to the streamwise coordinate. Varia-
tion in cross-section area causes a rise in the water level over the full
width of the channel, overwhelming the curvature effect. The com-
bined effect of friction, curvature and increase in cross-sectional area
(Figure 5.7c) features an adverse gradient both in the inner and in
the outer bend. The predicted water surface topography from Equa-
tion 5.5 is quite similar to the predictions of the numerical model.
Variation in cross-sectional area is therefore expected to play a cru-
cial role in the development of both the inner and outer bank recir-
culation.

Three-dimensional flow structure

Details in the flow through the seven cross-sections reveal a com-
plex three-dimensional flow throughout the meander bend. At cross-
section 1) (Figure 5.8), the longitudinal flow shows two areas of high
flow, one near the left side and one on the right side (looking down-
stream). Near the core of the flow on the right side the cross-section
is a bit deeper. This is considered to be the effect of the upstream
bend. The downward directed flow vectors in the topmost cells in
the cross-sections are a measuring artifact (Chapter 4).
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Curvature effect (a) Cross−section effect (b)

Combined effect (c)

Free surface level (cm)
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100 m

Figure 5.7. Water surface elevations based on Equation 5.5 and on the
model results. (a) is the second right hand side term in Equation 5.5, (b) the
third right hand side term, (c) the combined effect of the terms and (d) the
water surface computed by the model.

Just upstream of the scour (Figure 5.8, cross-section 2) the flow
converges horizontally and a small downward flow component de-
velops, which is related to the downward slope of the bed at this
location (Figure 5.1). At the scour (Figure 5.8, cross-section 3) the lon-
gitudinal flow is concentrated in the central part of the cross-section,
with two recirculating zones next to it. The main longitudinal flow
and the recirculating zones are separated by vertical shear layers. In
the core of the flow the downward motion is intensified, reaching
values of 12 cm s−1.

A secondary cell is observed near the bed, at the inner bank side
of the scour. A second, weaker, counter-rotating cell is observed
near the surface at the outer bank side of the scour. In the area
with strongest longitudinal velocity, the cross-flow is mostly directed
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Figure 5.8. Measured velocity field at the seven cross-sections indicated
in Figure 5.1. All profiles are plotted with the inner bank on the right side.
The colored shades indicate the flow component in direction of the cross-
sectionally averaged flow. The arrows indicate the flow orthogonal to the
cross-sectionally averaged flow.
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toward the outer bank, while in the recirculating area near the outer
bank the cross-flow is predominantly directed to the inner bank. This
indicates that the flow is still converging horizontally and is slowly
being redirected to the outer bank.

At the downstream end of the scour (Figure 5.8, cross-section 4)
the strong downward flow at the scour and the upward sloping bed
both cause momentum to concentrate near the bed, where the core
of the flow is found. The flow diverges again horizontally, causing
the flow in the inner half of the cross-section to be directed into the
outflow reach of the bend, while in the outer half it is directed to the
outer bank. Although the flow is directed to the outer bank and is
expected to impinge on it, no downward flow was observed near the
outer bank. The impinging flow instead is recirculated upstream.

Near the bend apex (Figure 5.8, cross-section 5) the longitudinal
flow is nearly uniform over the cross-section. A secondary cell is
present near the bed. After the bend apex (Figure 5.8, cross-sections
6 and 7) the flow restores a typical mild bend flow pattern, with
a recirculation cell representing outer bank directed flow near the
surface and inner bank directed flow near the bed.

The strong vertical flow is expected to induce a non-hydrostatic
pressure distribution near the scour, which is confirmed from the
model results. At the cross-sections with strong vertical flow (cross-
sections 3 and 4), the hydraulic head deviates from the head inferred
from a hydrostatic distribution over a range of about 2 cm (Figure 5.9,
cross-section 3). This is comparable to differences in the water sur-
face level, ranging over about 1.5 cm at same cross-section. Since
the modeled vertical flow velocity at cross-section 3 was underesti-
mated, we can expect the occurring pressure to deviate even more
from a hydrostatic pressure distribution than what is predicted from
the model.

5.5 Discussion

The flow patterns observed in a very sharp bend of the Mahakam
River is characterized by two zones of horizontal recirculation and
high vertical flow velocity. These recirculations can be interpreted
as a reversed Venturi effect essentially resulting from the local width
increase. Similar flow patterns were previously observed, mainly in
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Figure 5.9. Modelled deviation of the piezometric head from a constant
hydrostatic pressure distribution. Deviations from the hydrostatic pressure
distribution are most pronounced near the scour where strong vertical ve-
locity occurs.

small streams (Andrle, 1994; Nanson, 2010; Schnauder & Sukhodolov,
2012) and in a larger channel in the Mackenzie Delta (Gharabaghi
et al., 2007; Beltaos et al., 2012). Often these flow patterns are associ-
ated with slow planimetric development (Beltaos et al., 2012, Chap-
ter 3).

The model used in this study was able to properly reproduce the
depth-averaged flow around the scour. The main shortcoming of
the model was the reproduction of the strong vertical flow velocity,
which was underestimated, and connected to this, the inability of
properly reproducing the position of the core of the flow at the exit
of the scour. The velocity core remains close to the surface in the
model, while in the measurements the core is found near the bed.
This shortcoming may be partly attributed to the les turbulence clo-
sure approach. Curved shear layers and the associated production of
turbulence kinetic energy in the interior of flow put the les model to
the test.

Existing criteria to determine possible flow separation near the
banks (Blanckaert, 2010) do not take into account the effect of the
increase in cross-sectional area. In the bend under consideration, the
cross-sectional area becomes three times larger at the scour. When
significant variation in cross-sectional area occurs, this becomes an
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important mechanism causing adverse gradients and can readily be
taken into account as a criterion for the inception of flow separation
based on Equation 5.5. We show the cross-sectional area to increase
gradually and systematically with increasing curvature. We expect
flow reversal to become an increasingly dominant process for high
curvature bends.

Although the flow pattern differs in many respects from what
is usually observed in flume experiments on sharp bends, it is still
possible to distinguish a main secondary flow cell located near the
bed, and a second counter-rotating one near the surface. Typically,
the main secondary cell has its core at about mid-depth (Blanckaert
& de Vriend, 2004), while in this bend the core is located near the
bed. Numerical simulations by Ferguson et al. (2003) also predict a
secondary cell with its core near the bed. The counter-rotating cell,
despite being weak, appears to be larger in size and located much
closer to center of the channel. The main recirculation cell remains
close to the bed until the exit of the bend, where it restores the typical
position with its center at mid depth.

The secondary flow cell and the associated strong vertical flow
velocity advects longitudinal flow momentum downwards, causing
the core of the flow to be moved to the river bed at the downstream
end of the scour. The downflow and the strong longitudinal velocity
near the bed are expected to strongly increase the shear stress that the
flow exerts on the river bed. Similar results were found by Blanckaert
& de Vriend (2004); Ferguson et al. (2003); Schnauder & Sukhodolov
(2012).

An important result from a modelling perspective is the non-
hydrostatic distribution of pressure at the scour. A proper repro-
duction of the flow at such a scour requires a model that allows for
a non-hydrostatic pressure distribution.

5.6 Conclusion

In this study we analyze the flow patterns of a sharply curved bend
in the Mahakam River. The bend is characterized by an increase
in cross-sectional area just before the bend apex, where the depth
reaches three times the average depth. The increase in cross-sectional
area is shown to play a crucial role in generating an adverse sur-
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face gradient, a necessary condition for the formation of flow recir-
culation. A strong downflow develops near the scour that reaches
12 cm s−1. This strong secondary flow distorts the vertical pressure
distribution that is no longer hydrostatic. The vertical flow also ad-
vects longitudinal momentum moving the core of the flow to the bed
of the channel, which is expected to locally increase the bed shear
stress. This mechanism resulting in an increase in bed shear stress
could be key to the maintenance of deep scours found along the
lower parts of the Mahakam River (Chapter 3).
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CHAPTER 6

Coupled ADCPs can yield
complete Reynolds stress

tensor profiles in
geophysical surface flows

Abstract

We introduce a new technique to measure profiles of each
term in the Reynolds stress tensor using coupled acoustic Doppler
current profilers (adcps). The technique is based on the vari-
ance method, which is extended to the case with eight acous-
tic beams. Methods to analyze turbulence from a single adcp

rely on questionable assumptions on turbulence anisotropy ra-
tios and on the requirement of perfect vertical alignment, which
are no longer necessary with the coupled system. We apply the
technique successfully to data collected in the Mahakam River,
East Kalimantan, Indonesia.

This chapter is based on: Vermeulen, B., A. J. F. Hoitink, and M. G. Sassi, 2011,
Coupled ADCPs can yield complete Reynolds stress tensor profiles in geophysical
surface flows, Geophys. Res. Lett., 38(6), doi:10.1029/2011GL046684.
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6. Reynolds stress profiles from Coupled ADCPs

6.1 Introduction

Turbulence strongly controls the exchange of momentum, heat and
suspended or dissolved matter in geophysical surface flows occur-
ring in rivers, estuaries and the coastal ocean. In fluvial systems
turbulence generates secondary currents both in straight channels
(e.g. Colombini, 1993; Blanckaert et al., 2010) and curved channels
(e.g. Blanckaert & de Vriend, 2005), and controls shear layers at river
confluences (Rhoads & Sukhodolov, 2004), at the interface between
a floodplain and a main channel (Tominaga & Nezu, 1991), and
within floodplains that feature roughness heterogeneity (Vermaas
et al., 2011). Field studies of river turbulence generally focus on small
streams (Sukhodolov et al., 1998) where measurements at a high tem-
poral and spatial resolution can be attained with a single point flow
meter deployed at various positions in a frame. In estuaries and
in the coastal ocean, turbulent fluxes are typically measured from
a ship or from a bottom mounted rig (Smith et al., 2005; Mohrholz
et al., 2008; Lueck et al., 2002). Especially in studies in larger scale
systems, acoustic Doppler current profilers (adcps) offer a promising
alternative to measure turbulent quantities (Stacey et al., 1999a; Wiles
et al., 2006).

The most commonly used method to estimate Reynolds stresses
with adcps is the so-called variance method (Lohrmann et al., 1990;
Stacey et al., 1999a,b; Lu & Lueck, 1999a,b; Rippeth et al., 2002; Souza
et al., 2004; Williams & Simpson, 2004; Peters & Johns, 2006; Whipple
et al., 2006). Because of the spread between the acoustic beams of the
adcp, instantaneous estimates of velocity components from different
beams cannot be combined directly. The spatial spreading can span
several times the scale of turbulent motions. To overcome this prob-
lem, velocity fluctuations measured in each of the beams are often
assumed to have the same statistical properties during the averaging
period. The variances in velocity components, needed to estimate
Reynolds stresses, are first determined in along-beam coordinates.
Then these variances are combined to obtain estimates of Reynolds
stress, turbulent kinetic energy (tke), and other relevant properties
of turbulence. However, a perfect alignment is necessary to avoid
bias in the shear stresses and estimates of tke rely on assumptions
regarding the anisotropy ratio of normal Reynolds stresses.

Many authors (e.g. Stacey et al., 1999a,b; Lu & Lueck, 1999a,b; Pe-
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ters & Johns, 2006) make assumptions about turbulence anisotropy
ratios often based on work supported by laboratory and field evi-
dence from relatively small systems, which is reviewed in the bench-
mark book by Nezu & Nakagawa (1993). Burchard et al. (2008) ar-
gues that this approach is not particularly satisfying, since the dif-
ference in the main anisotropy ratio between fully anisotropic and
fully isotropic turbulence results in a six-fold difference in the value
of tke for an adcp with a beam separation of 20

◦ (Lohrmann et al.,
1990). With a single adcp such an assumption is needed since it is
impossible to solve for the six independent terms in the Reynolds
Stress tensor with only four acoustic beams.

In the present paper we introduce a new method which allows to
estimate all the terms in the Reynolds stress tensor using two cou-
pled adcps (operating in master-slave configuration such that they
measure alternately). With eight beams, assumptions on anisotropy
ratios become superfluous, and the resulting tensor can easily be ro-
tated in space, increasing the flexibility during data collection. In
Section 6.2 the extended variance method for two coupled adcps is
explained and some considerations are made regarding the measur-
ing setup. Errors are quantified in Section 6.3. Section 6.4 presents
data collection and processing techniques. The results are described
in Section 6.5, followed by conclusions in Section 6.6.

6.2 Variance method with two ADCPs

We consider a Cartesian coordinate system with its origin at the cen-
ter of the four transducers of one of the adcps (the “master”). The
z axis points upward, along the axis of the adcp; the x axis points
from transducer two to transducer one and the y axis from trans-
ducer four to transducer three (see Figure 6.1). The orientation of the
second adcp (the “slave”) is defined by three angles φ3, φ1 and φ2,
which describe the body rotation in right-handed direction around
the z axis, around the x axis and around the y axis respectively (see
Figure 6.1). The velocity measured along each beam of the adcps
relates to the velocity vector in Cartesian components as

~b = T~u (6.1)
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Figure 6.1. Definition of the Cartesian, right handed coordinate system
with respect to the master adcp and definition of the angles of rotation. In
this case the slave adcp is rotated 45

◦ around the z axis (φ3 = 45◦). The z axis
is pointing out of the paper. All the rotations are defined in right handed
sense.

where ~b is an eight-component vector with all the radial velocity
components from the two coupled adcps, first the master and then
the slave, with positive values towards the transducers, ~u is the ve-
locity vector in the Cartesian coordinate system and T is a rotation
matrix T given by (sin and cos are replaced by s and c for brevity):

T =


· · ·

− s β 0 − c β
s β 0 − c β
0 − s β − c β
0 s β − c β


c φ2 0 − s φ2

0 1 0
s φ2 0 c φ2

1 0 0
0 c φ1 s φ1
0 − s φ1 c φ1



 c φ3 s φ3 0
− s φ3 c φ3 0

0 0 1

+


− s β 0 − c β
s β 0 − c β
0 − s β − c β
0 s β − c β

· · ·

 (6.2)

Here β is the angle between the axis of the acoustic beam and the axis
of the instrument. The first right-hand-side term accounts for the
transformation from radial components to Cartesian components of
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velocity for the master adcp. The second term on the right-hand-side
accounts for transformation from radial to Cartesian components for
the slave adcp, and for the rotation to match with the Cartesian co-
ordinate system of the master adcp. The exact order of rotation is
dictated by the specifications of the adcp on how it measures tilts
(Teledyne RD Instruments, 2010). Mean flow velocity in the Carte-
sian system is obtained by inverting Equation 6.1. The definition
of the transformation matrix T is instrument dependent and can be
modified depending on the instrument specifications (e.g. number
of available beams, beam angle) and the relative orientation of the
adcps being used. In the description of the method and the error
analysis we assume the use of two 4-beam adcps in Janus configura-
tion (Teledyne RD Instruments, 2010).

The variance in along-beam components can be derived from
Equation 6.1, written in covariance form as:

var(bi) =
3

∑
j=1

3

∑
k=1

Ti,jTi,k cov(uj, uk) (i = 1 . . . 8) (6.3)

or in matrix form as:

~vb = V~r (6.4)

where ~vb is a vector with the variance of the along-beam velocity
components, V is an eight by six matrix resulting from the product
of the terms in T, and~r is a vector with the six terms of the Reynolds
stress tensor, including three normal stresses and three shear stresses.
Equation 6.4 is overdetermined and can be solved in a least-squares
sense using the generalized inverse of V:

~r = (VTV)−1VT~vb = V+~vb (6.5)

Solutions can be optimized by maximizing det(VTV) and become
trivial if the latter variable approaches zero. An impression of how
this term varies with varying tilt angles for the slave adcp is given in
Figure 6.2 showing that better solutions can be obtained for higher
values of φ3. Although increasing φ3 may improve the solution the-
oretically, sound reflected from the surface may corrupt the data.
These reflections will decrease the range over which the tensor can
be solved (see Figure 6.2). The choice for the best setup will mainly
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Figure 6.2. Colored shades indicate the value of det(VTV) for φ3 = 45◦

(panel a), φ3 = 30◦ (panel b), φ3 = 15◦ (panel c) and φ3 = 0◦ (panel d)
as a function of φ1 and φ2. The black contours indicate the fraction of the
water column, where a valid estimate of the Reynolds stress tensor can be
obtained. This extent is determined by possible surface reflections. The red
square in panel a indicates the setup used in this study.
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6.3. Error analysis

depend on the needs of the user. The six-element vector ~r can be
rearranged to form the Reynolds stress tensor according to:

R = ρ

r1 r4 r5
r4 r2 r6
r5 r6 r3

 = ρ

 u′2 u′v′ u′w′

u′v′ v′2 v′w′

u′w′ v′w′ w′2

 (6.6)

The overbar indicates averaging over a period spanning several times
the largest time scale involved in turbulence. The full Reynolds stress
tensor allows rotation in any direction in space. Given a rotation
matrix Q

R′ = QRQT (6.7)

This relaxes the traditional requirement for the beams of the adcp

to be perfectly vertically aligned. Still, a rigidly mounted setup is
preferred in order to avoid eddy-tilt correlations (Lu & Lueck, 1999b).

6.3 Error analysis

The error in estimating the variance of an ensemble of n measure-
ments is given by (Williams & Simpson, 2004):

σ2
r,i =

1
n

8

∑
j=1

(Kj − 1)γjV+
i,j

2
(vb,j)

2 (i = 1 . . . 6) (6.8)

in which γ is a function that accounts for the autocorrelation of ~vb
and K is the kurtosis of the residuals in unprocessed velocity. The
covariance of ~vb between the beams can be assumed to be negligi-
ble compared to the variance of ~vb. This implies that instantaneous
measurements of ~vb from different beams are assumed independent.

Considering the virtual case with only a contribution of noise in
the along-beam velocity variance, Equation 6.8 can be used to study
the effect of instrument noise (σN) by setting vb,j = σ2

N for all beams.
In that case γ = 1, since the noise has no autocorrelation, and K = 3,
assuming Gaussian-distributed noise. Equation 6.8 can be reduced
to:

r2
i,min =

2σ4
N

n

8

∑
j=1

V+
i,j

2
(i = 1 . . . 6) (6.9)
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Figure 6.3. Minimum stress that can be detected using an averaging inter-
val of 20 minutes for ρu′2 (panel a), ρv′2 (panel b), ρw′2 (panel c) and ρu′w′
(panel d), as a function of φ2 and φ3. φ1 was kept constant to a value of 20

◦.
The red square indicates the setup used in this study. ρu′w′ and ρv′w′ are
not shown here, as they are insensitive to the position of the slave adcp.

r2
i,min represents the smallest stress that can be measured with the

present technique. Terms containing horizontal components have a
much higher detection threshold since the beams are mostly looking
upward. The contribution of noise in each of the terms is therefore
strongly dependent on the spatial configuration of the two coupled
adcps. Figure 6.3 shows the change in the minimum detectable stress
as a function of tilts. The two stresses ρu′w′ and ρv′w′, that could
already be determined with the classical method, are insensitive to
changes in orientation of the slave adcp. The results of the error
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analysis changes if different adcp systems are used, but the method
to assess the errors would remain unchanged.

6.4 Data collection and processing

Two coupled RDI Broadband 1200 KHz adcps were placed on a tri-
pod frame, looking upward. The frame was lowered to the bottom of
the Mahakam River, East Kalimantan, Indonesia, at the exit of a mild
bend (Sassi et al., 2011b). The river width at the measuring location
is 420 m. The frame was located 50 m away from the concave bank
at a mean depth of 17 m. The flow is influenced by a mixed, mainly
semi-diurnal tide, and no salt water intrusion was observed during
the measuring period.

Data were collected over a 25 hour period, using a setup which
prevents interference between the two instruments. A full measur-
ing cycle, with the present setup, lasts 1.52 s. During this time both
adcps collect single-ping data lasting 0.6 s each, composed of 5 sub-
pings. Collecting these sub-pings allows to reduce the standard de-
viation in estimated velocity (Williams & Simpson, 2004; Nidzieko
et al., 2006). A special cable connecting the two adcps allows them
to communicate, ensuring they do not measure simultaneously. The
heading difference φ3 between the two instruments was 44.7◦, the
pitch difference was 20

◦ (φ1) and the roll difference was 0.4◦ (φ2). In
this configuration one beam points vertically upward. Surface reflec-
tions limited the valid range to the lowest 80% of the water column
(see Figure 6.2). To ensure that the slave adcp collected data in depth
cells of similar vertical size as the master adcp, the slave measured
depth cells of 27 cm and the master cells of 25 cm.

The collected raw velocity in along-beam components was pro-
cessed using a window spanning 20 minutes. Mean velocity and
variance were determined for each of the radial velocity components.
All measurements beyond the range at which sound is possibly re-
flected by the water surface were marked as bad. This range varies
for each beam according to its orientation. Subsequently, the velocity
from each of the slave beams was remapped to the exact position of
the master using a nearest neighbor search. From these data, mean
flow components and the Reynolds stress tensor were determined.
Terms in the Reynolds stress tensor smaller than the detection limit
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Figure 6.4. Mean flow velocity in downstream direction (panel a) and
transverse direction (panel b), defined positive away from the concave bank

in Equation 6.9 were marked bad. The resulting tensors were rotated
such that the x component matched the downstream direction, de-
fined as the mean ebb-flow direction during ebb and the opposite of
the mean flood direction during flood.

6.5 Results

The downstream component of velocity is nearly logarithmic and
the highest water level lags about two hours behind flow reversal
(see Figure 6.4, panel a). During ebb, the flow slightly decreases
near the surface. This is probably due to the influence of the bank,
causing momentum dissipation near the surface (Sassi et al., 2011b).
The transverse flow (positive away from the concave bank) features
a typical curvature-induced secondary flow profile (see Figure 6.4,
panel b). The secondary circulation is most pronounced during ebb,
due to the stronger downstream flow, but is also present during the
second flood period. During the first flood the flow is too weak to
develop secondary circulation. The vertical component of velocity,
defined positive upward, is on average 0.02 ms−1 during ebb and
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Figure 6.5. Profiles of normal and shear stresses during ebb and flood

-0.02 ms−1 during flood. This seems to be caused by the river bed
which slopes slightly downward in upstream direction.

Normal and shear Reynolds stresses during ebb and during flood
are shown in Figure 6.5 as a function of depth. During ebb the prin-
cipal shear stress (−ρu′w′) is lower than the horizontal shear stress
(−ρu′v′), but higher than the cross-vertical shear stress (−ρv′w′). A
similar pattern was observed by Jamieson et al. (2010) in a mild bend
at about 45

◦ from the bend entrance in a laboratory flume. The pro-
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6. Reynolds stress profiles from Coupled ADCPs

file of principal shear stress during ebb increases linearly down to a
relative depth of 0.2, then it decreases again toward the bottom. Dur-
ing flood the profile of principal shear stress is relatively uniform
down to a relative depth of 0.15, after which it increases strongly to-
ward the bottom. Both profiles can be ascribed to the upflow during
ebb and downflow during flood (Nezu & Nakagawa, 1993). Simi-
lar profiles associated with upflow and downflow were observed by
Blanckaert et al. (2010). At locations featuring upflow they observed
a peak in the profile of principal shear stress at a relative depth up
to 0.3.

To describe the anisotropy ratios, often used to determine turbu-
lent kinetic energy (tke) from the variance method, we determined
the parameter α = w′2/(u′2 + v′2). In the classical method assump-
tions have to be made on the value of α which may introduce errors
in the estimates of tke or dissipation (Lohrmann et al., 1990). Both
during ebb and during flood, α increases with distance from the bed
(see Figure 6.6). During flood, values of α are around 0.2, which is
similar to values reported by Nezu & Nakagawa (1993); Lu & Lueck
(1999b); Stacey et al. (1999b). During ebb, α increases from 0.2 at the
bottom to 0.4 near the surface.

6.6 Conclusions

Studies on turbulence in geophysical surface flows benefit from the
use of acoustic Doppler current profilers. The variance method is
commonly used to derive turbulent properties from adcp data, which
has several limitations when applied with a single adcp. We ex-
tended the variance method to rigid deployments with two coupled
adcps.

Measurements from a bend in the Mahakam River show that ra-
tios between normal stresses can differ strongly from ratios mea-
sured in laboratory experiments (Nezu & Nakagawa, 1993) or small
streams (Sukhodolov et al., 1998). This shows that assumptions made
in estimating tke and dissipation in the classical method are not al-
ways justifiable. The technique we present herein improves flexibility
during data collection. With eight beams and six unknown terms, the
Reynolds stress tensor can be completely estimated, without making
other assumptions than homogeneity of the turbulence field between
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Figure 6.6. Profiles of the parameter α during ebb and flood

the beams. Obtaining the complete Reynolds stress tensor allows for
rotation, which is needed in field studies where vertical alignment is
difficult to achieve.
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CHAPTER 7

On the use of horizontal
acoustic Doppler profilers
for continuous bed shear

stress monitoring

Abstract

Continuous monitoring of bed shear stress in large river sys-
tems may serve to better estimate alluvial sediment transport to
the coastal ocean. Here we explore the possibility of using a hor-
izontally deployed acoustic Doppler current profiler (adcp) to
monitor bed shear stress, applying a prescribed boundary layer
model, previously used for discharge estimation. The model
parameters include the local roughness length and a dip correc-
tion factor to account for sidewall effects. Both these parameters

This chapter is based on: Vermeulen, B., A. Hoitink, and M. Sassi, 2013, On
the use of horizontal acoustic doppler profilers for continuous bed shear stress mon-
itoring, International Journal of Sediment Research, 28(2), 260–268, doi:10.1016/S1001-
6279(13)60037-2.
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7. Bed shear stress monitoring with an HADCP

depend on river stage and on the position in the cross-section,
and were estimated from shipborne adcp data. We applied the
calibrated boundary layer model to obtain bed shear stress esti-
mates over the measuring range of the hadcp. To validate the
results, co-located coupled adcps were used to infer bed shear
stress, both from Reynolds stress profiles and from mean ve-
locity profiles. From hadcp data collected over a period of 1.5
years, a time series of width profiles of bed shear stress was
obtained for a tidal reach of the Mahakam River, East Kaliman-
tan, Indonesia. A smaller dataset covering 25 hours was used
for comparison with results from the coupled adcps. The bed
shear stress estimates derived from Reynolds stress profiles ap-
peared to be strongly affected by local effects causing upflow
and downflow, which are not included in the boundary layer
model used to derive bed shear stress with the horizontal adcp.
Bed shear stresses from the coupled adcp are representative of
a much more localized flow, while those derived with the hori-
zontal adcp resemble the net effect of the flow over larger scales.
Bed shear stresses obtained from mean velocity profiles from the
coupled adcps show a good agreement between the two meth-
ods, and highlight the robustness of the method to uncertainty
in the estimates of the roughness length.

7.1 Introduction

Bed shear stress in natural environments cannot be measured di-
rectly and therefore it has to be estimated from other variables such
as flow velocity or turbulent stresses. The need for estimates of bed
shear stress is motivated by its importance to describe and model
sediment transport and morphology (Wilcock, 1996) and to char-
acterize rivers through the tightly related concept of stream power
(Chang & Hill, 1977; Akhtar et al., 2011). Several methods are avail-
able to obtain estimates of bed shear stress (Biron et al., 2004): fitting
a profile function to velocity measurements, extrapolating profiles
of Reynolds-stress to the bottom, assuming a constant ratio between
turbulent kinetic energy and bed shear stress or using spectral char-
acteristics of the flow (Kim et al., 2000). All these methods provide
bed shear stress estimates for a limited period, and are unsuitable
to monitor bed shear stress continuously. Acoustic Doppler current
profilers (adcps) can measure over longer periods and have the po-
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7.2. Bed shear stress from HADCPs

tential to measure bed shear stress.
Two recent developments related to acoustic Doppler profilers of-

fer a great potential for bed shear stress monitoring: (1) discharge
measurements from horizontally deployed adcps (hadcps) and (2)
Reynolds stress estimation based on bed-mounted coupled adcps
(cadcps). hadcps are generally mounted near a riverbank or on a
bridge pier and look horizontally into the cross-section. They mea-
sure a velocity profile over the range of the instrument. cadcps
adopt a measuring setup that uses two coupled adcps mounted on
the riverbed to measure profiles of the Reynolds stress tensor over
depth.

During the years 2008 and 2009, we performed measurements
with an hadcp, and for a smaller period of 25 hours we performed
co-located measurements with an hadcp and cadcps in a tidal river
bend in the Mahakam River, East Kalimantan, Indonesia. We pre-
viously used these data to estimate discharge in a tidal river (Sassi
et al., 2011b) and profiles of the Reynolds stress tensor expanding
the variance method for adcps (Chapter 6). In the present contri-
bution, we elaborate on existing theory to estimate bed shear stress
from hadcps and cadcps, which we introduce in Section 7.2 and Sec-
tion 7.3, respectively. In Section 7.4, we describe the data collection.
We present and discuss results in Section 7.5 followed by conclusions
in Section 7.6.

7.2 Bed shear stress from HADCPs

Recent contributions (Nihei & Kimizu, 2008; Le Coz et al., 2008;
Hoitink et al., 2009; Sassi et al., 2011b; Hidayat et al., 2011) have
laid out a new technique to monitor discharge using hadcps. The
approach by Hoitink et al. (2009), improved by Sassi et al. (2011b), is
composed of a deterministic part in which a well-calibrated bound-
ary layer model is used to translate velocity at a single depth into a
depth mean velocity. In a similar fashion, the boundary layer model
is suitable to obtain bed shear stresses from a single depth velocity.
We will briefly review the boundary layer model and its calibration
following the approach of Sassi et al. (2011b). From this, we readily
obtain bed shear stress. Flow affected by sidewalls usually features
a deflection in the velocity profile near the surface, often referred
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to as a velocity-dip. Considering a steady, uniform and fully devel-
oped turbulent flow a velocity profile function can be derived that
accounts for this sidewall effect. The velocity profile reads (Yang &
McCorquodale, 2004):

u(z) =
u∗
κ

ln
(

z
z0

)
+

u∗
κ

α ln
(

1− z
H

)
(7.1)

where u is the longitudinal velocity, z is the vertical coordinate, u∗ is
the shear velocity, κ is the von Karman constant, z0 is the roughness
length, H the water depth and α is a parameter that accounts for the
side-wall effect. α relates to the location of maximum velocity in the
vertical zmax as:

zmax

H
=

1
1 + α

(7.2)

The adopted boundary layer model implies a Reynolds-stress profile
that reads:

u′w′

u2
*

= 1− (1 + α)
z
H

(7.3)

Sidewall effects thus tend to steepen the vertical profile of Reynolds-
stress. To calculate a depth-averaged velocity, starting from a single
depth velocity measurement from the hadcp, Sassi et al. (2011b) cal-
ibrated α and z0 using ship-borne velocity data collected during sev-
eral flow conditions. This resulted in width profiles of α and z0 where
the latter is also dependent on tidally averaged river level (Sassi et al.,
2011b). Based on these parameters we can estimate bed shear stress
as:

τ = ρ

(
κu

ln(σcH) + α ln(1− σc)− ln(z0)

)2
(7.4)

7.3 Bed shear stress from coupled ADCPs

To derive bed shear stress from cadcps, we obtained profiles of the
Reynolds stress tensor following the approach in Chapter 6, using
two coupled adcps measuring asynchronously. We will shortly re-
view the main points of this method and explain how we obtained
bed shear stresses. This method is based on the variance method
(Lohrmann et al., 1990; Stacey et al., 1999a,b; Lu & Lueck, 1999a,b;
Peters & Johns, 2006), which we extended for configurations with
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more than four beams. The benefit of the second adcp is that it
allows estimating all six terms in the Reynolds stress tensor. We con-
sider a Cartesian coordinate system with its origin at the center of
the four transducers of one of the adcps (the “master”). The z-axis
points upward, along the central axis of the adcp. The x-axis points
from transducer two to transducer one and the y-axis from trans-
ducer four to transducer three (see Figure 6.1). We derived Reynolds-
stresses relative to this coordinate system. The tensor can be easily
rotated to any other Cartesian coordinate system. The position of the
second adcp (the “slave”) is defined with respect to the master adcp-
centered coordinate system by three angles φ3, φ1 and φ2, which de-
scribe the right-handed rotation of the slave adcp around the z-axis,
around the x-axis and around the y-axis, respectively. All of the ve-
locity components measured by the two adcps can be expressed as a
function of the Cartesian velocity components as:

~b = T~u (7.5)

where ~b is an eight-component vector with all the radial velocity
components from the two coupled adcps. T is a transformation ma-
trix and ~u is the velocity vector in the Cartesian coordinate system.
The mean flow velocity in the Cartesian system is obtained by invert-
ing Equation 7.5. Since we cannot determine and combine instanta-
neous fluctuations of velocity obtained from Equation 7.5 for turbu-
lence calculations we will first determine the variance in the beam
velocity as a function of the variance and covariance in the Cartesian
components of velocity (i.e. the Reynolds stresses). Calculating the
variance of the beam components of velocity from Equation 7.5, we
obtain:

var(bi) =
3

∑
j=1

3

∑
k=1

Ti,jTi,k cov(uj, uk) (i = 1 . . . 8) (7.6)

or in matrix form as:

~vb = V~r (7.7)

where ~vb is a vector containing the variance of the along-beam ve-
locity components, V is an eight by six matrix resulting from the
product of the terms in T, and ~r is a vector with the six terms of
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the Reynolds stress tensor including three normal stresses and three
shear stresses. Equation 7.7 is solved in a least-squares sense using
the generalized inverse of V:

~r = (VTV)VT~vb = V+~vb (7.8)

The six-element vector ~r can be rearranged to form the Reynolds
stress tensor.

To calculate bed shear stress, we fitted a linear model to the pro-
files of Reynolds-stresses starting from the three lowermost measure-
ments and consecutively adding data points until the optimal good-
ness of fit is reached. We defined the goodness of fit as:

χ =
1
df

∑
(

u′w′o − u′w′f
)2

var
(

u′w′o
) (7.9)

where χ is the goodness of fit, df is the number of degrees of free-
dom, u′w′o is the observed Reynolds stress and u′w′f is the fitted
Reynolds stress. On average, we fitted six points from the bed to
obtain bed shear stress. The largest number of points was fitted dur-
ing flood, which indicates that near-bed profiles of main shear stress
best resemble a linear profile during flood. To determine bed-shear
stresses based on the velocity profiles from the coupled adcps we
fitted the same boundary layer model presented in Section 7.2. We
fitted α, z0 and u∗ freely using a linear regression. Afterwards, we
determined the median values for α and z0 during ebb and flood and
re-performed the fitting of u∗, keeping the values of α and z0 fixed.
This was done to avoid unrealistic values of these parameters around
slack water. Sensitivity of estimates was determined by performing
the same fit using the 25% and 75% quantile values of ln(z0).

7.4 Data collection and processing

Horizontal ADCP

A Horizontal 600 kHz adcp was placed on a solid jetty near the bank
of a 420 m wide section of the Mahakam River (Figure 7.1). In this
relatively straight section, located between two mild bends, the flow
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Figure 7.1. Bed elevation and location of coupled adcps (black square) and
the hadcp (red square). Ebb flow is in southward direction. The cadcps are
located on top of a bedform.

is influenced by a mixed, mainly semi-diurnal tide. No salt-water in-
trusion was observed during the measuring period. We collected two
datasets: (1) a long-term dataset covering 1.5 years of flow profiles
averaged over 10 minutes and sampled every 30 minutes, and (2) a
short dataset covering 25 hours at a frequency of 1 Hz. These data
were collected simultaneously with measurements from the cadcp,
which was placed within the range of the hadcp.

The Horizontal adcp was mounted 5 m above the bed and its
measuring range covered around one third of the local channel width.
Data were collected in depth cells of 1 m. Pitch, roll and heading re-
mained constant during the measuring period with a value of 0.0◦, -
0.5◦ and 88.7◦ respectively. Along (s) and across (n) coordinate at this
section were determined based on the bathymetry following (Hoitink
et al., 2009). The coordinate is defined as the directions in which
variations in bathymetry are minimal. Sassi et al. (2011b) found that
this minimum value corresponds to an orientation of 165

◦ from the
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north. Velocity in s and n direction were determined by transforming
the along beam velocity of beam one and three.

To calibrate α and z0 in Equation 7.4, vessel mounted velocity
data were used. Bedload sediment transport under high flow con-
ditions can bias the estimated ship velocity from an adcp feature
called bottom-tracking. To overcome this issue, velocity data was
corrected for ship movements using bottom-tracking velocity for low
flow conditions and gps-based ship velocity during high flow condi-
tions, when significant bedload transport occurs. Velocity was inter-
polated to a vertical grid in the normalized coordinates σ = z/H and
β = n/W. F was determined as the ratio between the hadcp veloc-
ity and the depth-averaged velocity found from the transect data. α
was determined from the point of maximum velocity in depth and z0
was obtained by fitting Equation 7.1 to the vertical profiles of veloc-
ity. Further details of the calibration procedure can be found in Sassi
et al. (2011b)

Coupled ADCPs

The two coupled adcps were connected using a cable that allows
them to communicate, ensuring they do not collect data simultane-
ously. The master first sends a synchronization pulse to the slave
and waits long enough for the slave to take a profile measurement.
The slave receives the synchronization pulse and collects one profile
of velocity. Then the master measures a velocity profile and sends
again a synchronization pulse to the slave. The whole cycle lasts
1.52 s. Each profile recorded by the adcps is an average of five pro-
files (taken from sub-pings). This averaging over sub-pings reduces
the standard deviation in the measured velocity. The profiles were
collected in cells of 25 cm for the master and 27 cm for the slave, to
obtain vertical cells of a similar size, once the slave adcp was tilted.
The heading difference (φ3) was 44.7◦, the pitch difference (φ1) was
20
◦ and the roll difference (φ2) was 0.4◦. This setup ensures that one

beam of the slave adcp measures vertically upward.
The collected velocity data were processed to remove all cells that

could possibly be influenced by surface reflections. For the beam
with the highest tilting angle the upper 20% of the data had to be
removed. The remaining raw radial velocity was filtered using a
first-order Loess filter (Cleveland, 1979) with a span of two hours,
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to separate the mean flow from turbulence and noise. The resulting
mean velocity and velocity variance from the slave were remapped
to match the vertical position of the depth cells of the master using
a nearest neighbor search. The noise level was determined from the
lowest measured variance in the velocity and used to correct the bias
in the normal stresses (Stacey et al., 1999a). The obtained variance
in toward beam velocity is filtered in space using a first-order Loess
filter with a span of five depth cells. Variance and mean velocity
are then transformed to a Cartesian coordinate system aligned with
the master adcp, yielding the Reynolds stresses. Any Reynolds stress
below the detection threshold was filtered out. The Mean flow vector
and the Reynolds stress tensor are rotated to align the x-component
in the downstream direction. The downstream direction is defined
as the mean ebb-flow direction during ebb and the opposite of the
mean flood-flow direction during flood.

7.5 Results and discussion

The temporal variation of bed shear stresses obtained from the hadcp

(Figure 7.2) closely follows the mean flow pattern. Subtidal varia-
tions in bed shear stress show higher stresses during neap tide than
during spring tide, which may be associated to the occurrence of
fortnightly tides such as MSf (Buschman et al., 2009). Long-term
variations in bed shear stress are the consequence of river floods that
increase flow velocity and therefore bed shear stress. The width pro-
files of bed shear stress in the range of the hadcp mainly reflect the
effect of the decreasing velocity toward the banks.

For the 25 hour dataset the velocity profiles in Figure 7.3 are ro-
tated such that the downstream velocity matches with the depth-
mean velocity vector during ebb and with the opposite of the depth
mean velocity vector during flood. As observed by Sassi et al. (2011b)
velocity profiles in the bend at Samarinda feature a velocity dip pro-
file that can be attributed to side-wall effects (see Figure 7.3a). This is
best visible when the velocity magnitude is highest. The transverse
velocity features typical profiles of secondary flow (see Figure 7.3b).
Secondary flow is most pronounced during the ebb. During the first
flood period, the flow is not strong enough to develop a significant
secondary flow, while during the second flood the secondary flow
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Figure 7.2. Bed shear stress estimated from the hadcp measurements. The
upper panel shows the tidal (thin gray line) and subtidal (solid black line)
variation of the profile averaged bed shear stress. The lower panel shows
the subtidal variation of bed shear stress over the range across the tidal river
covered by the hadcp.

clearly develops. Mostly during ebb, but also during flood, upward
velocity is observed near the bed. This probably occurs due to the
bed form (Figure 7.1), which influences the local flow.

During the development of secondary flow during ebb, the pro-
files of principal shear stress (see Figure 7.4e) slowly develop from a
concave to a convex profile. The location of maximum shear stress
moves from near the bed, in the beginning of the ebb, toward a rel-
ative depth of 0.35 during peak flow and back to the bed at the end
of the flood. This pattern matches with the slight upflow that causes
velocity gradients to be smaller near the bed, decreasing Reynolds
stresses near the bed. Blanckaert et al. (2010) observed similar pro-
files in a laboratory flume. During flood, the principal shear stress
always reaches its maximum value near the bed, but this maximum
strongly increases at the peak of the flood, rendering the profile in-
creasingly concave. The increase in shear stress near the bed matches
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Figure 7.3. Downstream (a), transverse (b) and upward (c) components of
mean velocity obtained from the cadcps.

with profiles of downstream velocity (Figure 7.5). These profiles are
almost bilinear with a strong increase in vertical shear towards the
bed. This increase in velocity gradient near the bed may be related to
the subtle down-flow that causes compression of the isovels near the
bed. Normal stresses are highest during flood, just below mid-depth.
Remarkable is the strong increase in normal stresses and turbulent
kinetic energy near the bed during flood.

Bed shear stress was estimated for the 25-hour measuring pe-
riod using the horizontal adcp based technique, using the profiles
of Reynolds-stress from the coupled adcps and with the mean ve-
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Figure 7.4. Profiles of ρu′2 (a), ρv′2 (b), ρw′2 (c), ρu′v′ (d), ρu′w′ (e), ρv′w′
(f) obtained from the cadcps. Color map labels are in units of Pa.
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the second ebb (solid, blue line) and second flood phase (dashed, red line).
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locity profiles from the coupled adcps. Bed shear stress based on
the Reynolds stress profiles from the coupled adcp show an increase
during ebb up to the point where upflow develops (Figure 7.6). The
change of the Reynolds-stress profile from concave to convex dur-
ing the development of the secondary currents is reflected in the bed
shear stress, which increases up to a certain threshold after which it
remains constant. A completely different trend is observed during
flood. Bed shear stress does not reach a threshold since no upflow is
present.

The estimates of bed shear stress based on the velocity profiles
from the coupled adcps agree reasonably well with the values ob-
tained from the hadcp. The slight discrepancy between the two is
attributed to slightly different values for z0 used in the estimates.
The sensitivity of the estimates of bed shear stress to the estimated
values of z0 is determined by re-computing the bed-shear stress using
the 25% and 75% quantile values for ln z0, which were determined
from the velocity profile fits. The estimates are found to be rather in-
sensitive to the estimated z0. The discrepancy between the bed shear
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stress estimates from velocity profiles and from Reynolds stress pro-
files is attributed to the fact that estimates based on velocity profiles
are representative for much larger scales than the ones obtained from
Reynolds stress profiles.

7.6 Conclusions

Two recently developed methodologies have been expanded making
them suitable to monitor bed shear stress. hadcps can yield con-
tinuous estimates of profiles of bed shear stress over the width of a
channel while cadcps estimate bed shear stress at a single point. The
two techniques were applied to a tidal bend in the Mahakam River
where co-located measurements were obtained. Good agreement is
found between the hadcp based bed shear stresses and those esti-
mated from the velocity profiles of the coupled adcps. Larger dif-
ferences are found with the Reynolds stress profile based estimates.
This discrepancy is mainly attributed to the different methodologies
used. The Reynolds stress-based bed shear stresses represent local-
ized flow conditions, while the velocity profile-based estimates are
expected to be representative for a much larger area with an approx-
imate size of the adaptation length of the streamwise velocity.

The results presented here show horizontal adcps may be use-
ful instruments to continuously monitor bed shear stresses over the
width covered by the acoustic signal. The method is shown to be rel-
atively insensitive to changes in roughness length. Bed shear stress
inferred from vertical velocity profiles represent a much larger area
than local bed shear stress estimates from extrapolated Reynolds
stress profiles, which explains the substantial differences between the
alternative approaches.

118



CHAPTER 8

Synthesis

In this thesis new methods and concepts have been introduced that
elucidate processes governing complex river flow and morphology .

8.1 Main findings

Non-harmonic meanders occurring along the Mahakam River (Chap-
ter 2) are strongly related to scouring of the river bed near the mean-
der apex, resulting in an exceptional increase in cross-sectional area
(Chapter 3). The large cross-sectional area strongly affects the flow
pattern inducing horizontal recirculation and strong vertical flows
(Chapter 5). These features occur in a region with no consolidated
outcrops, but where soil forming processes consolidate the banks
with Iron and Manganese concretions. All of these results are in-
dicative of a morphological regime in which the river, through the
development of a complex three-dimensional flow, excavates deep
scours. This excavating regime contrasts with a classic meandering
regime in which pools and point bars develop.

The Mahakam River is not the only river in which this regime
was observed. This regime was also observed along the middle Fly
river, featuring dog-leg shaped meanders with limited planimetric
development (Dietrich et al., 1999), deep scours (Aalto et al., 2010),
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and iron concretions that consolidate the banks (Dietrich et al., 1999).
The excavating regime does not seem to be a tropical lowland river
prerogative. Similar regimes have also been found in small streams in
temperate regions (Andrle, 1994; Nanson, 2010; Blanckaert, 2011) and
in a large river in the Arctic (Beltaos et al., 2012). Common elements
in all of these systems are low bed-slopes, high loads of suspended
sediments, and high resistance to erosion of the substrate. These
environmental factors may therefore be the key ingredients leading
to a different functioning of meander bends.

New measuring and analysis techniques developed throughout
this thesis provide valuable tools to increase our understanding of
the excavating regime and many other poorly understood fluvial
phenomena. A new wavelet-based method to quantify meander shape
(Chapter 2) is expected to provide the means to discriminate between
different meandering regimes solely based on channel planform, al-
lowing to identify non-harmonic meanders. Principal component
analysis of palsar images can detect the meander belt of a river
(Chapter 3), showing the area in which the river has been freely mi-
grating. An improved method to monitor mean flow (Chapter 4) and
a method to profile Reynolds stresses (Chapter 6) in large fluvial sys-
tems are expected to offer new field-based insights into the flow and
environmental conditions that shape deep scours, beyond the case of
strongly curved flows.

Profiles of Reynolds stresses, measured with two coupled adcps
(Chapter 6), show that commonly used assumptions on turbulence
anisotropy, based on laboratory experiments, can fail under field con-
ditions. Also, vertical profiles of the principal Reynolds shear stress
(Chapter 7), often used to infer bed shear stress, can differ from the
expected behavior. Natural scouring in rivers can lead to flow pat-
terns which are affected by a non-hydrostatic pressure distribution
(Chapter 5). These results question common practices in hydrody-
namic modeling and data interpretation, and stress the need for cau-
tion when applying laboratory-based insights to the field. Compu-
tational models can be improved based on new insights that can be
obtained from the newly introduced measuring techniques, which
have the potential to bridge the gap between detailed results from
controlled laboratory conditions and coarse observations obtained
under natural field conditions.
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8.2. Future research directions

8.2 Future research directions

Genesis of deeply scoured bends

The ubiquity of sharp bends and associated scour holes calls for an
explanation on how and under which circumstances such bends de-
velop. The proposed method to quantify meander shape (Chapter 2)
can be used to analyze a large number of river planforms easily ob-
tained from satellite images, to relate shape properties to specific
environmental factors such as stream-power, soil erodibility or to the
climate. Monitoring the flow through bends at different stages in the
transition from a mild bend regime to the deeply scoured sharp bend
regime, can provide information on why bends develop these com-
plex three-dimensional flow patterns. This could also be achieved by
simulating a set of river bends with varying curvature with a Large
Eddy Simulation (Labeur & Wells, 2012).

Field validation of turbulence closure schemes in gradually
varied flow

The application of turbulence closure schemes, predominantly val-
idated in laboratory conditions and small scale streams, to models
in large rivers still needs proper validation data. The method intro-
duced in Chapter 6 is able to profile the Reynolds stress tensor and
can provide the data necessary for turbulence closure validation in
large rivers. The data can also be used to validate the effect of sec-
ondary flow on Reynolds stresses and the generation of secondary
cells by turbulence.

Turbulence scaling in the field

Sharp bends and deep scours occur in small streams as well as in
large rivers (Chapter 3). This suggests that this phenomenon is scale
independent. Mean downstream flow is known to scale indepen-
dently of the Reynolds number, within the turbulent range, but for
lateral flow and turbulent exchange this is not the case (Wei & Will-
marth, 1989). The possibility to study turbulence properties in large
rivers allows to investigate the scale-dependence of turbulence oc-
curring in scour flow and how this affects the development of scours.
Laboratory experiments on small scale scour can complement field
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based measurements, to test the scale-dependency over several or-
ders of magnitude.

8.3 Implications for water management

Scour holes

Scours induced by natural processes are known to develop at conflu-
ences, bends, channel constrictions or due to a change in the general
hydraulic regime of a system (Hoffmans & Verheij, 1997). They also
develop near constructions such as culverts, spillways and bridge
piers, which cause a plunging or horizontal jet to develop which will
lead to increased shear stress, and eventually to the development of
the scour (Hoffmans, 1998). Examples of such scours are those ob-
served near the Eastern Scheldt storm-surge barrier. Prediction of
the initiation and development of these scours is essential to develop
plans to properly manage the storm-surge barrier (van Noortwijk &
Klatter, 1999). The prediction of scours, however, is still difficult.
In particular, the behavior of the upstream slope of scours remains
poorly understood (Pilarczyk, 2011). The newly developed methods
(Chapter 6 and Chapter 4) are expected to provide new means to fur-
ther improve our models, adding to the ability to predict the scour
process.

Stream restoration

Stream restoration often involves several rehabilitation phases, in-
cluding the recreation of a sinuous channel. In this phase it is nec-
essary to rely on old maps, or on existing knowledge on meander
planforms. Poorly designed meander planforms can lead to undesir-
able morphological behavior, such as erosion and deposition, bank
destabilization, etc. The methods developed in Chapter 2 can con-
tribute to describe the shape of meanders with a few parameters,
which can be used to reconstruct a meander planform for stream
restoration. It can also serve as a means to identify certain mean-
der behavior in relation to environmental factors such as soil type,
channel slope, stream power, etc.
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Reduced order models

Operational models used for flood predictions or morphological re-
sponse, are usually reduced-order models. These models use pa-
rameterizations for processes occurring at the sub-grid scale or in a
dimension not included in the model. Current models use parame-
terizations often based on knowledge from laboratory experiments or
from temperate region rivers. In Chapter 3 and Chapter 5, we show
that large rivers can have bends that function differently than what
can be expected based on the existing literature. The flow found in
these bends is not captured by reduced order models. Therefore, care
should be taken when applying models to large rivers in which such
bends occur. Also, the presence of bank embayments can influence
the roughness and lateral erosion (Darby et al., 2010). The complex
flow processes described in this thesis require new parameterizations
to be included in existing computational models.
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Summary

Rivers in tropical regions often challenge our geomorphological un-
derstanding of fluvial systems. Hairpin bends, natural scours, bifur-
cate meander bends, tie channels and embayments in the river bank
are a few examples of features ubiquitous in tropical rivers. Exist-
ing observation techniques fall short to grasp the complex govern-
ing processes of flow and morphology. In this thesis new observa-
tional techniques are introduced and applied to study the Mahakam
River, East Kalimantan, Indonesia. The observations reveal a new
type of morphological regime, characterized by non-harmonic me-
anders, scour and strong variation of the cross-sectional area. The
anomalous geometry induces a complex three-dimensional flow pat-
tern causing longitudinal flow to be concentrated near the bed of the
river.

In Chapter 2 a wavelet based technique is introduced to character-
ize meander shape in a quantitative, objective manner. A scale space
forest composed of a set of rooted trees represents the meandering
planform. Based on the rooted trees, the locally dominant meander
wavelengths are defined along the river. Sub-meander scale spectral
density in the wavelet transform is used to determine a set of metrics
quantifying bend skewness and fattening. Negative fattening pa-
rameterizes the so-called non-harmonic or hairpin bend character of
meanders. The super-meander scale tree represents the embedding
of meanders into larger-scale fluctuations, spanning from double-
headed meander scales until the scale of the valley thalweg. The
new approach is used to quantify the anomalous planform geometry
of the Mahakam River in a comparison with the Red River and the
Purus River.
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Summary

The geometry of the Mahakam River is analyzed into more detail
in Chapter 3, where the highly curved non-harmonic meanders are
related to deep scours in the river bed. A total of 35 scours is iden-
tified which exceed three times the average river depth, and four
scours exceed the river depth over four times. The maximum scour
depth strongly correlates with channel curvature and systematically
occurs half a river width upstream of the bend apex. Most scours
occur in a freely meandering zone of the river. A systematic recon-
naissance of the river banks reveals a switch of erosion-deposition
patterns at high curvature. Advancing banks normally observed at
the inner side of a bend are mostly found at the outer side of high-
curvature reaches, while eroding banks switch from the outer side
for mildly curved bends to the inner side for bends with high cur-
vature. The overall lateral migration rate of the river is low. These
results indicate a switch of morphological regime at high curvatures,
which requires detailed flow measurements to unravel the underly-
ing physical processes.

Taking flow measurements in the deep scours of the Mahakam
River presents a challenge to contemporary methods in hydrogra-
phy. Acoustic Doppler Current Profilers (adcps) are capable of pro-
filing flow velocity over large distances from a research vessel, but
the existent data processing techniques assume homogeneity of the
flow between the divergent acoustic beams. This assumption fails for
complex three dimensional flows as found in the scours. In Chapter 4

a new adcp data processing technique is developed that strongly re-
duces the extent over which the flow needs to be assumed homoge-
neous. The new method is applied to flow measurements collected
in a river bend with a scour exceeding 40 m depth. Results based
on the new approach reveal secondary flow patterns which remain
invisible adopting the conventional method.

Chapter 5 aims to better understand flow in sharp bends, by com-
bining analyses of the flow measurements from a deep scour with
Large Eddy Simulations of the flow. The three-dimensional flow field
is strongly dominated by horizontal circulations at both sides of the
scour. The dramatic increase in cross-sectional area (from 2200 m2 to
7000 m2) plays a crucial role in the generation of the two horizontal
recirculation cells. An existing formulation to predict water surface
gradients in bends is extended to include the effect of cross-sectional
area variations, next to the effect of curvature changes. Variation in
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the cross-sectional area develops adverse water surface gradients ex-
plaining the flow recirculation. The depth increase toward the scour
causes a strong downward flow (up to 12 cm s−1) creating a non-
hydrostatic pressure distribution, steering the core of the flow to-
ward the bed. The latter aspect is poorly reproduced by the Large
Eddy Simulations, which may relate to the representation of turbu-
lent shear stresses.

In Chapter 6 a novel technique is introduced to better monitor
turbulence properties in complex river flows from adcp measure-
ments, exploiting what is discarded in observations of the mean
flow. It extends the so-called variance method, using two adcps in-
stead of one. The availability of eight acoustic beams, four from each
adcp, changes an otherwise unsolvable set of equations with six un-
knowns into an overdetermined system of eight equations with six
unknowns. This allows to solve for the complete Reynolds stress ten-
sor, yielding profiles of Reynolds stresses over almost the entire wa-
ter column. Widely applied assumptions on turbulence anisotropy
ratios are shown to be incorrect, which reveals a knowledge gap in
open channel turbulence.

Chapter 7 uses the technique developed in Chapter 6 to investi-
gate the degree in which bed shear stress can be monitored continu-
ously from an adcp mounted horizontally at the river bank (hadcp).
A calibrated boundary layer model is applied to estimate time-series
of cross-river bed-shear stress profiles from hadcp velocity measure-
ments. It is concluded the hadcp measurement can represent the
regional bed shear stresses, as inferred from a logarithmic veloc-
ity profile, reasonably well. These regional bed-shear stresses, in
turn, poorly represent the local estimates obtained from coupled
adcp measurements, which are more directly related to processes
of sediment transport and complex river morphology. Detailed ob-
servations of turbulence properties may be the key to improve our
understanding of complex river flow and morphology.
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Samenvatting

Tropische rivieren vormen een uitdaging voor ons geomorfologische
begrip van rivieren. Haarspeldbochten, ontgrondingskuilen, split-
sende rivierbochten en oever-inhammen zijn slechts een paar voor-
beelden van veel voorkomende fenomenen in tropische rivieren. Be-
staande meettechnieken zijn slecht in staat om de stroming en mor-
fologische processen te observeren die deze fenomenen veroorzaken.
In dit proefschrift worden nieuwe meettechnieken voorgesteld en
toegepast op de Mahakam rivier, Oost Kalimantan, Indonesië. Uit de
metingen blijkt dat de rivier morfologisch gedrag vertoont dat geken-
merkt wordt door niet-harmonische meanders, ontgrondingskuilen
en sterke toename in doorstroomoppervlak. De afwijkende geome-
trie veroorzaakt een complexe drie-dimensionale stroming, waarbij
de sterkste stroomsnelheden optreden dichtbij de rivierbodem.

In Hoofdstuk 2 wordt een op wavelets gebaseerde techniek ge-
ïntroduceerd waarmee de vorm van meanders op een kwantitatieve
en objectieve manier kan worden vastgesteld. De verschillende scha-
len in een meanderende vorm worden beschreven en gelokaliseerd
met behulp van een boomstructuur. Op basis van de boomstruc-
tuur wordt de lokaal dominante meanderschaal bepaald langs de
rivier. De spectrale dichtheid op kleinere schalen dan de meander-
schaal vormen de basis voor een aantal parameters die de scheef-
heid en ronding van meanders beschrijven. Negatieve ronding komt
overeen met niet-harmonische meanders, ook wel haarspeldboch-
ten genoemd. De boomstructuur boven de meanderschaal beschrijft
hoe meanderbochten deel uitmaken van grotere structuren, varië-
rend van dubbele meanders tot de rivier schaal. De nieuwe methode
kwantificeert de afwijkende vorm van de Mahakam Rivier in verge-
lijking met de Red River en de Rio Purus.
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De geometrie van de rivier wordt nader onderzocht in Hoofd-
stuk 3, waarin scherpe, niet-harmonische bochten worden gerela-
teerd aan diepe ontgrondingskuilen. Vijfendertig kuilen blijken die-
per te zijn dan drie keer de gemiddelde diepte en vier kuilen die-
per dan vier keer de gemiddelde diepte. De diepte van de ontgron-
dingskuilen is sterk gecorreleerd met de kromming van de rivier.
De maximum diepte wordt doorgaans bereikt op een halve rivier-
breedte bovenstrooms van de maximale kromming. De meeste ont-
grondingskuilen zijn gevonden in een gebied waarin de rivier vrij
meandert. Een systematische verkenning van de rivieroevers toont
aan dat erosie- en sedimentatiepatronen omkeren bij sterk gekromde
delen van de rivier. Waar sedimentatie meestal plaatsvindt in de bin-
nenbocht, komt deze, voor sterk gekromde bochten, vooral voor in
de buitenbocht. Het omgekeerde gebeurt voor erosie. Deze vindt
meestal plaats in de buitenbocht, maar voor sterk gekromde bochten
vooral in de binnenbocht. De laterale migratie van de rivier is be-
perkt. Deze resultaten tonen afwijkend morfologisch gedrag, waar-
voor een fysische verklaring gevonden kan worden met behulp van
detailmetingen van de stroming.

Het meten van de stroming in de diepe ontgrondingskuilen van
de Mahakam is een uitdaging met de huidige technieken. Acoustic
Doppler Current Profilers (adcp’s) meten profielen van de stroom-
snelheid tot op grote afstand van de meetboot. Bestaande technie-
ken voor het verwerken van de data gaan uit van homogeniteit in
de stroming tussen de divergerende akoestische bundels. Deze aan-
name gaat niet op voor complexe drie-dimensionale stroming zoals
in de ontgrondingskuilen. In Hoofdstuk 4 wordt een nieuwe tech-
niek ontwikkeld die het gebied waarover homogeniteit verondersteld
wordt sterk reduceert. De nieuwe methode wordt toegepast op me-
tingen die gedaan zijn in een rivierbocht met een ontgrondingskuil
van meer dan 40 m diepte. De nieuwe methode maakt cellen van
secundaire stroming zichtbaar die onopgemerkt zouden blijven met
bestaande methodes.

Het doel van Hoofdstuk 5 is een beter begrip te krijgen van de
stroming door scherpe bochten, gebruik makend van stromingsme-
tingen en Large Eddy Simulations van de stroming. De stroming
wordt sterk bepaald door twee horizontale recirculatiecellen aan weers-
zijden van de ontgrondingskuil. De sterke toename in doorstroomop-
pervlak (van 2200 m2 tot 7000 m2) is van cruciaal belang voor het
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ontstaan van de recirculatiecellen. Een bestaande formulering om de
langsgradiënt van het wateroppervlak te bepalen is uitgebreid, zo-
danig dat het effect van verandingen in doorstroomoppervlak wordt
meegenomen, naast het effect van veranderingen in kromming. Ver-
andering in doorstroomoppervlak veroorzaakt een tegengestelde gra-
diënt in het wateroppervlak. Dit verklaart het ontstaan van de recir-
culaties. De toename in waterdiepte richting de ontgrondingskuil
veroorzaakt een neerwaartse stroming (met een maximum snelheid
van 12 cm s−1) die, op haar beurt, de hydrostatische drukverdeling
verstoort waardoor de kern van de stroming zich concentreert nabij
de bodem van de rivier. Dit mechanisme kan niet goed worden na-
gebootst met het model, hetgeen te maken zou kunnen hebben met
de modellering van de turbulente schuifspanningen.

In Hoofdstuk 6 wordt een nieuwe techniek geïntroduceerd die
het mogelijk maakt om turbulentieeigenschappen van de stroming
beter te observeren door gebruik te maken van data die bij het be-
palen van de gemiddelde stroming worden uitgemiddeld. De zo-
genaamde variantie-methode wordt uitgebreid door twee adcp’s in
plaats van één adcp te gebruiken. De beschikbaarheid van acht
akoestische bundels, vier voor elke adcp, maakt dat een anders on-
derbepaald stelsel van vier vergelijkingen met 6 onbekenden ver-
andert in een overbepaald stelsel van acht vergelijkingen met zes
onbekenden. Hierdoor kunnen alle termen van de Reynolds span-
ningstensor opgelost worden, waardoor de metingen profielen van
Reynolds spanningen opleveren over vrijwel de gehele waterkolom.
Toepassing van de methode toont aan dat veelgebruikte aannames
over de ratio’s in turbulente anisotropie onjuist zijn, hetgeen duidt
op een kennisleemte in de bestaande theorie van open-water turbu-
lentie.

In Hoofdstuk 7 wordt de methode ontwikkeld in Hoofdstuk 6

gebruikt om te bepalen in hoeverre het mogelijk is om bodemschuif-
spanningen continu te monitoren met behulp van een aan de oe-
ver geplaatste horizontale adcp (hadcp). Een gecalibreerd grens-
laagmodel wordt toegepast om tijdreeksen van dwarsprofielen van
bodemschuifspanning te bepalen. Metingen uit hadcp’s geven een
redelijk goede weergave van de regionale bodemschuifspanning, zo-
als bepaald uit gemiddelde snelheidsprofielen. De regionale bodem-
schuifspanningen komen, op hun beurt, slecht overeen met de lokale
bodemschuifspanning, bepaald uit gekoppelde adcp metingen, die
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sterker gekoppeld blijken te zijn aan het lokale sedimenttransport en
de daaraan gekoppelde complexe riviermorfologie. Gedetailleerde
observaties van turbulentie eigenschappen zijn een mogelijke sleutel
tot een beter begrip van complexe stroming en morfologie.
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