.

Abstract
Dunes occur in nearly all fluvial channels and form critical agents of sediment transport and flow
dynamics. Current understanding of bedform dynamics is mostly based on field and laboratory studies of
bedforms in steady flow environments. There are relatively few examinations of bedforms in the fluvial to
tidal transition zone, which is represented by a shift from unidirectional to bidirectional, unsteady flows
due to the relative strength of tides and river flow. This study examines large-scale spatial dune trends
along the fluvial to tidal transition zone of the Padma and Lower Meghna river systems, Bangladesh. The
198 most downstream kilometres of the Padma and Lower Meghna are analysed using multibeam echo
sounder measurements and bed sediments samples. The data show changing patterns in dune geometry
along the study area. These changes in geometry are associated with increasing tidal influence, decreasing
bed sediment size and changing river characteristics (e.g. depth and tidal prism) towards the river mouth.
Although bed sediment size, dune dimensions, side angles and bedform steepness generally decrease in
downstream direction, variability along the Padma and Lower Meghna river system is high due to local
hydromorphological processes and features, such as erosion pits, bifurcations and confluences. These
findings are poorly predicted by commonly used methods to determine dune phase and geometry. This
study highlights the need to further investigate the causative mechanisms controlling morphodynamics in
the fluvial to tidal transition zone and rethink widely used scaling relations and bedform stability diagrams.
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1 | Introduction
Dunes are the most evident and dynamic bedforms in both rivers and estuaries (e.g. Best, 2005;
Reesink et al., 2018; Venditti, 2013). The development of these features is governed by the interaction between sediment transport, river flow, and
channel bed characteristics, such as bedform geometry (Reesink et al., 2018; Van Rijn, 1984). The
morphodynamics of dunes are trivial in the transport of bed material and can contribute to significant flow resistance in a channel (Hendershot et
al., 2016). Dunes are therefore key to accurately
predict discharges and water levels, which is trivial
for navigation (Parker & Huff, 1998), management
of salinity intrusion (Savenije, 2012) and flood protection along rivers (Vellinga et al., 2014; Venditti,
2013).

directional and bidirectional flow situations.
In riverine conditions, a scaling relationship between formative flow depth and bedform dimensions is frequently considered (Allen, 1968; Flemming, 2000; Venditti, 2013). However, Flemming
(2000) has concluded that this must be treated
with reservation as the grain size dependent critical suspension velocity mostly scales the bedform
sizes. Therefore, bed sediment size is also known
to influence dune geometry (Bartholdy et al., 2002;
Flemming, 2000; Julien & Klaassen, 1995). Here,
Bartholdy et al. (2002) distinguishes between large
compound dunes and smaller superimposed dunes.
They found that larger dunes increase with increasing bed sediment size, whereas the size of superimposed dunes decrease with larger grain size. It
was therefore suggested that the size of compound
dunes are only dependent on bedload transport.

Existing approaches to parametrise bedform
dynamics heavily rely on results obtained from
studies carried out in fluvial conditions with uniform sands, subject to steady flow. With sufficient sediment supply and low discharge variations,
flow conditions are relatively steady and bedforms
can reach equilibrium dimensions (Lefebvre et al.,
2013). However, relatively little is known about
morphological and hydro-dynamical processes in the
fluvial to tidal transition zone (FTTZ), where bidirectional flow conditions and changing sediment
transport regimes add complexity to the system
(Hendershot et al., 2016). The resulting spatiotemporal variation of bedform dynamics is controlled by the relative strength of tidal and fluvial forces (Dalrymple & Choi, 2007; Wilbers &
Ten Brinke, 2003). This non-stationary behaviour
has significant implications for bedform dynamics
(Naqshband et al., 2017) and sediment sizes of the
river bed (Schindler et al., 2015), which may exert a strong influence on bedforms. Because of the
crucial role of bedforms in river systems, it is important to have a good understanding of dune dynamics and spatial-temporal variation in both uni-

Low-angle dunes are more common than dunes
with lee side angles close to the angle-of-repose
(∼30◦ ) in most channels and estuaries (Best &
Kostaschuk, 2002; Bradley et al., 2013; Hendershot
et al., 2016). Hendershot et al. (2016) investigated
the development of low-angle dunes, which have a
gentler lee slope and a more symmetric geometry,
over a tidal cycle. They found that lee angles generally decline with increasing suspended sediment
concentration.
Recently, a few studies focused on the influence of tidal forces and bidirectional flows on occurring bedform patterns (e.g. Davies & Robins, 2017;
Lefebvre et al., 2011; Lefebvre et al., 2013; Paarlberg et al., 2010; Prokocki et al., 2016; Sandbach et
al., 2018). It was found that dunes in tidal environments generally have shorter wavelengths (Davies &
Robins, 2017; Prokocki et al., 2016), more symmetrical profiles (Davies & Robins, 2017; Lefebvre et
al., 2011; Paarlberg et al., 2010) and lower lee side
angles (Davies & Robins, 2017) than dunes in solely
river flow due to the tidal phase being too short for
7

the formation of equilibrium dimensions (Dalrymple
et al., 2012; Sandbach et al., 2018). Lefebvre et al.
(2011), Lefebvre et al. (2013) studied dune patterns
in the Jade tidal inlet, Germany. It was found that
larger dunes were not able to change orientation
with flow direction, whereas smaller superimposed
bedforms were.

1. How do bedforms trends vary within the fluvial to tidal transition zone in the Padma and
Lower Meghna river systems?

It is evident that various studies have been
dedicated to finding relationships that link bedform type and geometry to a variety of variables,
such as depth, sediment distribution and shear
stress (Bechteler et al., 1991; Cartigny et al., 2014;
Chabert & Chauvin, 1963; Julien & Klaassen, 1995;
Southard & Boguchwal, 1990; Van Rijn, 1984;
Yalin, 1964). However, a universally accepted relationship for riverine conditions is lacking as the
mechanisms at the fluid-sediment interface are still
not fully understood. The processes present in the
fluvial to tidal transition zone add even more complexity to the driving forces behind dune formation
and stability, which is likely to affect the ability of
bedform stability diagrams and scaling relations to
accurately predict dune phase and geometry.

3. How do observed bedform characteristics (i.e.
phase, geometry) relate to expected bedform
characteristics based on existing bedform prediction models?

2. How can trends in bedform geometry be explained with river characteristics, grain size
and tidal properties?

At first, a description of the study area is given (C.
2), which is followed by a description of the available data, fieldwork, methods and materials (C. 3)
used in this study. Chapter 4 discusses the key
findings, which is followed by a discussion of the
results in Chapter 5. Implications and recommendations for future research are stated in Chapter 6.
The study concludes with a reflection on the research questions by giving the main conclusions of
this study (C. 7).

Most of the aforementioned studies were executed on small scale transects with lengths up
to a few kilometres. This study will evaluate the
large-scale spatial dynamics of bedform occurrence
and geometry in the fluvial to tidal transition zone.
The Padma and Lower Meghna river system in
the Ganges-Brahmaputra-Meghna delta serves as a
case study to examine spatial variation. The extent of the fluvial to tidal transition zone allows
for an investigation of bedform dynamics in relation with channel properties, grain size distribution
and tidal influence. The region is characterised by
alluvial conditions with strong seasonal discharge
associated with monsoon, and marine conditions
with significant tidal influence due to a meso- to
macro-tidal regime that can intrude as far as 200
km inland (Bricheno et al., 2016; Chatterjee et al.,
2013).
In this context, the following three research questions are formulated:
8

2 | Study area
2.1

The Ganges-BrahmaputraMeghna (GBM) River
Delta

Situated north of the Bengal Basin in SouthAsia, the Ganges-Brahmaputra-Meghna (GBM)
delta represents the most extensive tide-dominated
delta on earth (Passalacqua et al., 2013). The
delta encompasses a region of ∼100,000 km2 and
includes a tidally active delta, corresponding to the
Sundarbans mangrove forest, a mature delta, located upstream of the Sundarbans, an inactive delta
section in the north and an active river delta in
the east (Fig. 1) (Goodbred Jr & Kuehl, 2000;
Passalacqua et al., 2013). Three major channels,
the Ganges, Brahmaputra and Upper Meghna, are
the primary fluvial sources of the basin. The delta
is located on the lowland Bangladesh plain, where
large parts of the land have elevations that are less
than 10 m above MSL. The GBM delta is therefore
recognised as highly vulnerable to rising sea levels
and both riverine and coastal flooding (Nicholls et
al., 1999).

2.2

Figure 1: Map of the GBM Delta, showing (1) a
zonation of the delta into four principal geomorphic
areas: active, tidally active, mature, moribund, (2)
the major rivers: Ganges, Jamuna, Padma, Upper
Meghna and Lower Meghna, and (3) the limits of
tidal influence. Data from Passalacqua et al. (2013)
and Goodbred Jr and Kuehl (2000).

substantial seasonal variation induced by the southwest Indian monsoon, with the wet season running
from June through October (Coleman, 1969; Winterwerp & Giardino, 2012). 80% of total discharge
occurs during these four months of monsoon (Coleman, 1969). Sediment transport into the estuary
is 20 to 30 times higher in the monsoon season
compared to dry season (Sarker et al., 2011). The
Ganges, Padma and Lower Meghna river sections
experience a very low rate of downstream fining
of bed material compared to other large sand bed
rivers, such as the Mississippi and Kapuas. This is
likely to be caused by the small grain size and narrow size distribution of the bed sediment (Frings,
2008). The median grain size of bed material in the
Padma and Lower Meghna are 0.12 and 0.09 mm
(Sarker et al., 2003), respectively, with fine sands
and silts (size 0.016 to 0.25 mm) in the distributary
channels (Sarker et al., 2011).

Climate, Hydrology and
Sediment Processes of the
Lower Meghna River

The Lower Meghna river is part of the active riverine zone that forms the north-eastern section of the
delta (Fig. 1). It transports a combined freshwater discharge of 40,000 m3 /s and a total sediment load of ∼109 tons/year originating from the
Ganges, Brahmaputra and Upper Meghna into the
Bay of Bengal (Coleman, 1969; Goodbred Jr &
Kuehl, 2000). This sediment discharge is the third
largest (Milliman & Syvitski, 1992) and the water
discharge the fourth highest of all river systems on
earth (Milliman, 1991). The discharge is subject to
9

tidal range varies between 2 and 4 m (MES, 2001).
The Meghna estuary area includes three major distributaries: Shahbazpur, Hatiya and Tentulia Channels (Fig. 2), which transport most of the discharge
towards the Bay of Bengal. Flow distribution processes change rapidly amongst the channels as the
adapting geometries of large islands (i.e. Bhola,
Hatiya and Sandwip; Fig. 2) and their relative locations in the estuary are key in the distribution
of flow and sediment (Sarker et al., 2011). The
ratio of distributions has yearly seasonal variation
with the monsoonal flow allocations in the Tentulia, Hatiya and Shahbajpur Channels being 10%,
15% and 75%, respectively (MES, 2001). Here, net
land formation is mostly driven by tidal circulation
(Sarker et al., 2011).

Figure 2: The Meghna estuary, showing the location of major distributaries and large islands.

The Lower Meghna has an anabranching planform pattern (Sarker et al., 2003) and is formed
at the confluence of the Upper Meghna and Padma
river systems. The latter being the downstream section of the Ganges that changes name after confluencing with the Jamuna river. The Lower Meghna
is subjected to relatively high discharges of water
and sediment, causing erosion and accretion to appear simultaneously at significant rates (Uddin et
al., 2015). As a result, significant human interventions like bank protection are implemented along
major sections of the Lower Meghna to prevent lateral channel migration. The development of crossdams near the coastal reaches of the Meghna River,
together with estuarine-favourable circumstances,
have contributed to major areas of land reclamation (Akter et al., 2016).
Large parts of the delta receive large tidal influence as the river system is subject to a meso- to
macro-tidal regime (1.5 to over 4 m), with predominantly semi-diurnal tides (Bricheno et al., 2016;
Chatterjee et al., 2013; MES, 2001). High tides
can penetrate far into the system with water level
variability due to tidal motion being observed 200
km inland (Bricheno et al., 2016) (Fig. 1). The
Meghna estuary is a mesotidal estuary where the
10

3 | Methods and Materials
To study large-scale dune trends along the fluvial
to tidal transition zone, bathymetric data was collected by means of a Multibeam Echo Sounder device during a field survey in March 2020 (3.1.2).
This data was analysed by selecting crests and
troughs that are detected using up- and downcrossings of a filtered bed elevation profile (BEP)
(van der Mark & Blom, 2007) (3.2.1). The resulting values for dune dimensions and properties are
studied based on grain size distribution and river
characteristics (3.3). The latter were calculated
using a Delft3D FM model of the region (3.2.2),
which served as input for comparison between expected dune dimensions and measured dune properties. The grain size distributions result from bed
sediment samples obtained during the field survey (3.1.2) and are analysed using laser diffraction
(3.2.3). Figure 3 gives a brief overview of the data
and methods used in this study.
Section 3.1 focuses on the available data and
data collection methods used in this study and is
followed by an explanation of the individual methods used to process the data in section 3.2. This
chapter concludes with a section on data analysis
(3.3) by combining the previous sections.

3.1
3.1.1

include: WGS, UTM 46N, and Bangladesh Transeverse Mercator (BTM). This study converts all data
into the WGS reference for simplicity. This data
serves as input for the Delft3D FM model that calculates river characteristics, such as depth, width
and cross-sectional area (3.2.2).

3.1.2

Field Survey

A field survey with a duration of five days was performed in the Padma and Lower Meghna river systems, between Mawa and Hatiya island, in March
2020. The objective was to get a general understanding of the change in bedform characteristics in
the fluvial to tidal transition zone by obtaining longitudinal bathymetric observations using a Multibeam Echo Sounder (MBES). Additionally, bed sediment samples have been taken to investigate local
sediment distributions and trends along the trajectory.
During the field survey, a Teledyne Odom MB2
Multibeam Echo Sounder (MBES) with embedded
Hemisphere 321 GPS was deployed to collect bed
bathymetry (Fig. 4). The MBES is complemented
by (1) a Valeport Mini SVS to calculate sound velocity from the time needed for a single pulse to
travel a certain distance, (2) a Teledyne Odom TSS
DMS-05 to define motion accurately (e.g. pitch,
roll and heave) and (3) a Trimble Real Time Kinematic GPS, SPS 855 (Rover) for reference stations and data correction. The MBES is a 400
kHz system that measures the relative water depth
across a range perpendicular to the survey trajectory. The transducer arrays on the sonar head transmits acoustic pulses into the water column and reflections are being collected on a phased receive array. The Teledyne Odom MB2 has 256 beams with
a subtended angle of 140◦ , which are the settings
used during the survey. The embedded Hemisphere
321 GPS, a combined motion and gyro sensor, includes two antennas that define both position and

Data
Available Data

Water level time series with manual three-hourly
observations are obtained from the Bangladesh Water Development Board (BWDB) (Fig. 4). Three
coastal locations (i.e. Chandpur, Chitalkhali and
Charchenga) also include 10 minute intervals data
of water levels measured by pressure sensors. Discharge observations, obtained from the Institute
of Water Modelling (IWM), include long time series (1970-2000) that are available at two locations
along the river system; Bhairab Bazar and Baruria.
Reference systems of the datasets are variable and
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Figure 3: Overview of the data and methodology that form the basis of this study.
heading for MBES data processing. The RTK-GPS
was used to synchronise the sensors and remove all
temporal latency, i.e. the timing errors caused by
sensors transmitting data at various rates, in the
processing setup (Simmons et al., 2010). During
these measurements, the MBES ping rate was set
at 60 p/s, the stacking (i.e. the number of pings
over which the echo is averaged; Anderson et al.
(2007)) at 5 and the pulse length at 110 µs. The
latter was changed to 160 µs at deeper waters to allow for higher resolution. Teledyne PDS Reson was
used for data acquisition and BeamWorx AutoClean
& AutoPatch for data processing, which resulted in
a depth elevation model (DEM) with a resolution
of 1x1 m along the track of the survey vessel.

resulted in 48 bed sediment samples which are processed and analysed for grain size distribution using
Laser Diffraction (Malvern MASTERSIZER 3000)
by the River Research Institute (RRI).

3.2

Methods

Bedform characteristics are computed using the
method of van der Mark and Blom (2007), which
is briefly explained in section 3.2.1. River properties and grain size distributions are obtained to
explain bedform geometry. River properties are
calculated by a Delft3D FM model of the Lower
Meghna-Tentulia region (3.2.2), and a laser diffraction method 3.2.3 is used to obtain grain size distributions from the sediment samples. These methods
are explained in this section, after which section 3.3
states the methods for further data analysis.

Every ∼20 km, except for the 40 most seaward kilometres, bed sediment samples were taken
on both sides of the river (at ∼10% and ∼90% of
total river width) and in the thalweg with a Van
Veen bed sample grabber if depth allowed. This
12

Figure 4: Map of the Lower Meghna river including (1) measurement stations for water level and discharge,
and (2) bathymetric data of the MBES field survey, with values being kilometres from the river mouth.
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3.2.1

• Consequently, the resulting BEPs are filtered
using a weighted moving average technique
to remove small features crossing the zero
line that would incorrectly be detected as upor downcrossings of a bedform. Larger filter
spans result in the removal of larger interruptions.

Bedform Detection

The method of van der Mark and Blom (2007) is
used to identify bedforms and compute the corresponding bedform dimensions (Fig. 5). This
method is preferred over other bedform tracking
methods as subjective decisions are limited and
the possibility of application to both extensive and
shorter Bed Elevation Profiles (BEPs).The limitations and sensitivity of the results to the subjective
decisions made is dealt with in the Discussion chapter (section 5.7). Here follows a brief description of
this tool.

• Up- and downcrossings, defined as locations
where the BEP intersects the horizontal zero
line in up- or downward direction, are identified
(Fig. 5C).
• Crests and troughs are located subsequently,
with a crest being identified between consecutive upcrossings and a trough between two
downcrossings (Fig. 5C).

• Firstly, outliers are removed from the raw
BEPs. The mean value of all vertical distances
between consecutive points is determined, after which the outliers are defined as points
which differ more than five times this value
from their neighbouring points.

• At the boundaries of the BEP, crests and
troughs are identified as they may be not be
detected as such due to the absence of an upor downcrossing.

• Now a Fast Fourier Transform (FFT)-based
spectral density function is computed from the
despiked data. For each trend line span in the
range from three to the total number of data
points, a peak bedform length is calculated.
These dominant lengths are plotted against the
trend line span (i.e. the number of points over
which a moving average is taken to find this
dominant length) (Fig. 5A). The span value
corresponding to a bedform length is located
at 0.4 times the length of the sill. The user
can determine which bedform length will be focused on by selecting the corresponding trend
line span value.

• Finally, bedform properties, i.e. dune dimensions, slope angles and symmetry, are computed.

3.2.2

Model Description

The Delft3D Flexible Mesh (FM) of the Lower
Meghna-Tentulia region is a 2DH model calculating depth-averaged quantities based on the twodimensional shallow water equations. The model
is developed by IWM and Deltares to gain understanding on the long-term morphodynamics of the
Lower Meghna system.
Bathymetry for the main river channel is interpolated on an unstructured rectilinear grid system
with grid sizes varying between 200 m (in the estuary) and 1600 m (open sea). As the main goal
of the model is meso scale modelling for long term
morphology, a rectilinear grid is sufficient but care
should be taken when used for smaller scale modelling as a curvilinear grid results in a better resolution of the flow near the edges of the model.

• Next, the equilibrium trend line is determined
and plotted through the data using a weighted
moving average procedure. The trend line
span chosen in the previous step serves as input
(window) for detrending the BEP. The original
BEPs are detrended by subtracting the trend
line from the BEPs. The detrended BEPs fluctuate around zero (Fig. 5B).
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Figure 5: Example of the procedure of the bedform detection tool. A) The peak bedform length as a
function of the span value resulting from the spectral density procedure. Peak bedform length chosen here
is 16 m (none within the range for 5 m or 50 m). B) Detrended BEP obtained from the original BEP
and moving mean trendline. C) All up- and downcrossings and corresponding crests and troughs with the
detrended BEP.
Time series of discharge are specified as the upstream boundary conditions, located at Baruria and
Bhairab Bazar (Fig. 4), and output of the Bay
of Bengal Model as downstream boundary of the
model. The model was calibrated with additional
field data during both dry and monsoon season in
2009/2010. Water level and discharge calibration
show good correlation with measured and simulated
water level data with a spatially uniform Manning
roughness coefficient (n=.010). The model is projected on the BTM reference system and, therefore,
all outputs are converted to WGS.

3.2.3

Particle Size Analyser (Mastersizer 3000) with HydroEv dispersion unit. Firstly, samples were mixed
thoroughly within the sample bags, transferred to
drying cans and dried overnight in an oven at 110◦
Celsius. This was followed by the samples being
gently powered using mortar and pestle, after which
they were sieved trough < 2 mm mesh size. Samples passing the sieve were kept to analyse particle
size using the Mastersizer 3000. This laser diffraction particle-size analyser is able to measure particles ranging from 0.01 - 3500 µm using Mie theory
(River Research Institute, 2020, p. 1). Two light
sources, a red light with a wavelength of 633 nm
and a LED blue light of 470 nm, are used. Water
was used as a dispersant with a refractive index of
1.33. Dry samples were added to the dispersion unit

Laser Diffraction

Bed material samples were analysed for particle size
distributions using laser diffraction by the Melvern
15

where D50 is median grain size, 4 is submerged
specific density of the sediment, defined as 4 =
ρs −ρf
ρf ) with ρf and ρs denoting the fluid and sediment densities, ν is kinematic viscosity, τ0 is bed
shear stress and τ0c is critical bed shear stress. This
study assumes constant values for submerged specific density and kinematic viscosity of 1.65 and
1.002*10-6 , respectively.
Van den Berg and Van Gelder (1993) proposed
a diagram to explain bedform dynamics for fine bed
sediment environments, which could therefore be
applicable on the Lower Meghna and Padma river
reaches. It is founded on their own data of the
Huanghe River and numerous existing laboratory
and field data sets that include sediments in the
range of 10-5100 µm. The phase diagram is based
on the dimensionless Bonnefille parameter D∗ and
the Shields parameter θ0 due to particle roughness.
This Shields parameters is defined as:


4d
U2
0
0
(3.3)
∧ CR = 18log
θ =
0
D90
g4D50 CR2

until the required obscuration level. For each measurement, 3500 rpm stirring speed and four minutes
100 percent ultrasound were used for sufficient dispersion of the sample. Five measurements were
performed and averaged for each sample.

3.3
3.3.1

Data Analysis
Bedform Prediction

The occurrence and dimensions of bedform types
in river systems can be quantified and predicted by
phase diagrams expressing bedform phase regimes
(e.g. ripples, dunes, upper stage regime, antidunes)
in the space of dimensionless parameters. Most
phase diagrams are empirical and based on flume
experiments (Liu, 1957; Simons & Richardson,
1966; Van Rijn, 1984) so that care should be taken
when using them under field conditions in natural
flows with relatively low Froude numbers, i.e. subcritical flows with low flow velocity (Naqshband,
2014). This study uses two existing phase diagrams
and four scaling relations to predict the occurrence
and dimensions of bedforms at the study site. Local
hydrological inputs, such as water levels and velocities, are calculated by the Delft3D FM model of
the Lower Meghna-Tentulia river systems (section
3.2.2).

where U is depth averaged flow velocity, d is chan0
nel depth, CR is the Chézy coefficient due to particle roughness, and D90 is the maximum grain size
of 90% of the grains. D50 and D90 are the result
from the obtained grain size distribution. U and d
are calculated by the Delft3D FM model.
Bedform Dimensions Many authors proposed
different scaling relations to predict bedform geometry from observed flow characteristics (Julien
& Klaassen, 1995; Karim, 1995; Van Rijn, 1984;
Yalin, 1964). The complexity of underlying processes causes a varying degree of success of the bedform predictors. Most scaling relations are empirical (Allen, 1978; Julien & Klaassen, 1995; Ranga
Raju & Soni, 1976; Van Rijn, 1984; Yalin, 1964),
whereas only a few are based on analytical analysis.
This study evaluates the scaling relations shown in
Table 1, which are chosen based on their varying
complexity and the use of different parameters.
Yalin (1964) developed an empirical bedform
predictor to quantify dimensions of sand waves de-

Bedform Occurrence and Types The phase diagram of Van Rijn (1984) is based on the dimensionless Bonnefille particle parameter D∗ and the
dimensionless transport stage parameter T∗ , which
follows from the ratio between shear stress (τ0 ) and
critical shear stress τ0c . This method is often considered as superior to other predictors as the development involved a large number of flume and field
data (Dey, 2014).

D∗ = D50

T∗ =

4g
ν2

1/3

τ0 − τ0c
τ0c

(3.1)

(3.2)
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Table 1: Overview of various bedform scaling relations
Author
Yalin (1972)
Allen (1968)
Van Rijn (1984)
Julien and Klaassen (1995)

Dune height ηd


ηd = d6 1 − ττ0c
0

Dune length λd

ηd = 0.086d1.19


0.3
ηd = 0.11d Dd50 (1 − e−0.5T∗ )(25 − T∗ )
0.3
ηd = 2.5d Dd50

λd = d0.6

λd = 6.3d

veloped on a non-cohesive, movable bed. Underlying assumption is that the shear stress in the trough
is equivalent to the critical shear stress as sand
waves are considered to be smooth and hardly effect the region between flow separation and trough.
The predictor distinguishes bedform length of ripples and dunes, and is based upon curve fitting of
flume experiments. The empirical bedform predictor as proposed by Allen (1968) involves flow velocity and formative flow depth to establish relative dune height. Van Rijn (1984) proposed an empirical bedform predictor assuming that dimensions
and migration rates of bedforms are controlled by
the amount of bedload transport (T∗ ). The functional relation is obtained by dimensional analysis
and curve fitting of 106 measurements from flume
and field experiments, and is restricted to the lower
bedform and transitional regime. This predictor is
extended by Julien and Klaassen (1995), who suggests an empirical scaling relation that rectifies the
underestimations of dune heights in larger river systems. It is expected that the latter relationship explains observed dune dimensions best due to its focus on larger rivers.

3.3.2

λd = 7.3d
λd = 6.25d and λd = 2.54



ηd
D50

0.3

have been deleted from the transect. The data’s
central axis was used to define a two-dimensional
bed elevation profile that was converted from a
Cartesian (x, y) to a curvilinear (s, n) coordinate
system using the method of Vermeulen (2020). The
streamwise coordinate s is parallel to the data’s central axis, as the extent of the river system does not
allow the conventional use of the river axis as scoordinate.
Datapoints were selected based on distance to
sea resulting in 198 sections with a length of 1 km
(Fig. 4). For each section, crest and trough locations, and the consequent bedform dimensions
were automatically selected and computed by the
method of van der Mark and Blom (2007) described
in section 3.2.1. The FFT spectral density function
calculated dominant wavelengths present in each
section. This study defined three bedform lengths
of interest: 5 m, 20 m and 50 m. For each section,
the dominant wavelengths and associated span values nearest to these bedform lengths are chosen
within a range of 5m±5m, 20m±10m, 50m±20m
so that each section has three span values that are
used to detrend using the moving mean. In the remainder of this thesis, references to bedform lengths
of 5 m, 20 m and 50 m refer to this procedure and
the related output.

Bedform Analysis

Raw MBES data was processed into xyz point
clouds by Teledyne PDS Software using a combination of all default filters to remove errorgeneous
data. The point cloud data was projected on a grid
with a resolution of 1x1 m. Cross-sectional trajectories, errorgeneous data due to drifting of the vessel
during sediment sampling and double trajectories

The quantities measured for each bedform are
length λd and height ηd , angle of stoss and lee side
and asymmetry. Here, dune length λd is defined
as the horizontal distance between two consecutive
trough locations and dune height ηd is the vertical
distance between the dune crest and its downstream
trough (Fig. 6) (van der Mark & Blom, 2007).
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pits or bed irregularities to be detected as bedforms.
Boundary conditions are summarised in table 2.
Calculated bedform characteristics were explained
using grain size distributions, channel properties
and tidal information. Grain size distributions obtained by laser diffraction were analysed based on
distance to sea. In this study, classification of sediment size follows the modified Udden-Wentworth
scale, with clay, silt and sand being defined as particles with diameters of 0.0001-0.004 mm, 0.0040.063 mm and 0.063-2mm, respectively (Udden,
1914). Two subdivisions are of importance here;
0.063-0.125 mm for very fine sand and 0.125-0.25
mm for fine sand (Udden, 1914). Here, sediment
is considered cohesive when having a median particle size <4 µm (mud) and non-cohesive with a d50
>64 µm (sand) (Wolanski & Elliott, 2015). Silt
has a grain diameter between those of mud and
sand, and is therefore weakly cohesive (Wolanski &
Elliott, 2015).
River characteristics and tidal prism were calculated using the Delft3D FM model by defining
cross-sections and observational points in areas of
interest. This data is analysed and compared to
dune characteristics based on distance to sea.

Figure 6: Definitions of dune dimensions used in
this study. Length and height of stoss and lee side
of a bedform are indicated by xstoss , ystoss , xlee
and ylee , respectively. Bedform height ηd is equal
to ylee and dune length λd is equal to xstoss and
xlee . Flow direction is from left to right. Example
of a dune at 130 km distance from sea.
The ratio of bedform height and length (ηd /λd ) is
a measure of bedform steepness, which is generally
between 0.01 and 0.1 for dunes (Allen, 1968). The
presence of bedforms is measured by the bedform
density, which accounts for the number of dunes
per transect, and is normalised by the initial length
of the transect. A bedform density of less than
10 bedforms per km is considered as no bedforms
present. Dune asymmetry, a measure of bedform
orientation, is characterised by the ratio between
the stoss side length (xstoss ) and lee side length
(xlee ) (Fig. 6) (Berne et al., 1989; Le Bot, 2001).
The dune lee side angle is defined as:


ylee
−1
(3.4)
θ = tan
xlee

Table 2: Applied boundary conditions for dune detection

where ylee is the vertical side of the lee side and θ
is the lee side angle (◦ ).
For the present analysis, boundary conditions
are applied to the dataset in order to exclude bedforms that are either too small (i.e. ripples) or too
large (i.e. mega bedforms). As this study focuses
on dunes, bedforms with heights lower than 0.05 m
or spacings smaller than 0.6 m are excluded since
these are considered ripples (Allen, 1984; Sumer &
Bakioglu, 1984). Bedform heights that are more
than three times larger or three times lower than
the surrounding bedforms are removed to prevent

Characteristic

Boundary condition

Lower bedform height

<
<
>
>
<
-

Upper bedform height
Lower bedform length
Upper bedform length
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0.05 m
3 * lower than neighbours
10 m
3 * higher than neighbours
0.6 m

4 | Results
This chapter sets out the results of the study as outlined by the methods in section 3.2. Bedform characteristics are set out based on dune geometry distribution (4.1.1), bedform density (4.1.2), bedform
dimensions and steepness (4.1.3) and, side angles
and asymmetry (4.1.4). The results chapter concludes by showing the grain size distributions (4.2)
and channel properties (4.3) of the study area.

4.1
4.1.1

The characteristics of the dune field and related dune dimensions investigated in this study
are bedform density (4.1.2), bedform dimensions
(height and length), steepness (4.1.3), side angles
and asymmetry (4.1.4). An overview of these properties against distance to sea is shown in figure 8.

4.1.2

Bedform density

The occurrence of bedforms is highly variable along
the study area (Fig. 8). Closest to sea, relatively
few bedforms are measured, especially larger bedforms with peak bedform lengths of 50 m are mostly
absent. An increase in bedform density (amount of
dunes per transect) occurs between km 25 and 40,
after which the density decreases to no bedforms at
all near km 60. The same trend appears between
km 65 and 95, although the bedform density does
not reach zero here. A peak in the fraction of the
bed covered by dunes occurs between km 100 and
110. After this, the amount of bedforms present
in the transect slowly increases towards km 150.
Upstream of km 165, many bedforms are present
but the density decreases with increasing distance.
Generally, all peak bedform lengths follow the same
trend. Only the biggest bedforms studied (50 m
length) deviates in a few regions and is absent more
often, such as around km 40.

Bedform Characteristics
Bedform observations

Bedform dimensions and shape change significantly
along the fluvial to tidal transition zone. Figure 7 shows the most common bedform types in
four 10-km sections based on visual interpretation. The section closest to sea, km 5-15, is
mostly flat with a few small bedforms occasionally.
Km 55-65 shows an alternation between relatively
low, complex bedforms and a flat bed, whereas
km 100-110 has well-developed bedforms increasing in height and length with both two-dimensional
and three-dimensional bedforms. Large compound
bedforms with superimposed secondary bedforms,
complex three-dimensional bedforms and relatively
high, well-developed bedforms occur in the most
upstream section (km 185-195). This implies a
downstream trend of decreasing height and length,
asymmetry and three-dimensionality. As this study
does not focus on compound bedforms bigger than
50±20 m in length, large primary bedforms such as
found in km 185-195 are out of the scope of this
study (Fig. 7). Analysis of three-dimensionality is
limited to visual inspection and interpretation of figure 7, and will not be taken into account in further
analysis of the bedform dimensions. Additional visual inspection concerns the orientation of the dune
field relative to the trajectory of the survey vessel,
which is dealt with in section 5.7.

4.1.3

Bedform dimensions and
Steepness

Generally, bedform heights for the smallest bedforms, i.e. 5 m length, are relatively constant,
whereas the dimensions of the bigger bedforms are
highly variable (Fig. 8). From km 0 to km 45 bedform heights are significantly smaller than heights
found further upstream. Slightly bigger bedforms
occur in the region between km 45 and 110. Mean
bedform heights bigger than 0.5 predominantly exist from km 120 to km 198, with a highly variable
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Figure 7: Observations of bedforms present in four sections along the trajectory: km 5-15, km 55-65, km
100-110 and km 185-195 distance from sea.

Table 3: Mean and standard deviations for dune height and length for the four characteristic regions (for
peak bedform lengths of 5 m, 20 m and 50 m respectively). Distances are in km from sea.
Transect

1-45 km
46-110 km
111:151 km
152-198 km

Mean H

Std H

Mean L

Std L

5m

20 m

50 m

5m

20 m

50 m

5m

20 m

50 m

5m

20 m

50 m

0.10
0.12
0.12
0.12

0.15
0.25
0.30
0.34

0.18
0.29
0.42
0.43

0.09
0.08
0.09
0.09

0.15
0.20
0.25
0.29

0.19
0.26
0.44
0.43

4.88
5.59
4.87
4.08

7.39
8.79
10.34
10.53

8.46
11.22
13.74
12.50

2.75
3.08
2.56
3.47

5.15
5.65
7.15
7.27

7.20
10.74
12.04
11.74
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Figure 8: Calculated dune characteristics and dimensions of the Padma and Lower Meghna river system
from Mawa to sea. From top to bottom; bedform density, dune height, dune length, dune height divided
by length and dune asymmetry (Lstoss /Llee ) against distance to sea. Different colours indicate peak
bedform lengths (5 m, 20 m and 50 m) and associated span values used for detrending the original BEPs.
Dotted lines represent major river confluences and bifurcations, with shaded areas being wide confluences
or bifurcations. From left to right: Manpura, Goshai, Daulatkhan, Elisha Ghat, Kaladabadar, Bakharpur
and the Padma-Upper Meghna confluence.
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and do not show a straightforward trend. Variability is largest in the upstream regions starting at km
110 (Fig. 9). In case of the largest bedform type,
mean dune lengths are substantially lower than the
chosen peak bedform length of 50 m, which might
be an indication that relatively few large bedforms
are present causing lower mean values.
The ratio of bedform height and length (ηd /λd )
is a measure of bedform steepness. For the entire river reach, values are mainly between 0 and
0.04, with higher values and thus steeper dunes predominantly further upstream. Generally, the mean
height-to-length ratio follows a similar trend as the
dune dimensions and increases with distance to the
river mouth (Fig. 8).
The larger bedforms (20 m and 50 m) have
higher height-to-length ratios than the smallest
bedforms, implying that these bedforms are relatively steep (Fig. 10). This ratio is significantly
lower for the smaller bedforms, indicating that these
bedforms are more flat. Lower R-squared values for
the smaller bedforms, 0.519 versus 0.614 and 0.740
for 20 m and 50 m respectively, indicate a higher
variability for this size compared to the bigger bedforms.

Figure 9: Mean dune height and length for peak
bedform lengths of 20 m plotted against distance
to sea. Shaded area indicates the 25th and 7575th
percentiles. Numbered regions coincide with the
characteristic regions mentioned in table 3.

region between km 110 and 150, which is mainly
related to the absence or presence of larger bedforms. The same trend applies for the measured
bedform lengths, although this is less profound. Between km 165 and 198, a local trend seems to exist.
Upstream of km 165, bedform dimensions are significantly smaller than the dimensions found downstream of km 150, but are increasing rapidly with
increasing distance. A peak in dune dimensions occurs in the Meghna estuary at ∼km 7.

4.1.4

Side angles and Bedform
symmetry

In the Padma and Lower Meghna, mean lee side angles generally reduce in downstream direction (Fig.
11), indicating flatter lee sides near the estuary.
This trend does not exist for the smallest bedform
type. Over the course of the river, maximum slope
angles for peak bedforms lengths of 5 m, 20 m and
50 m are 7◦ , 11.5◦ and 8◦ respectively.

Based on these bedform dimensions, four characteristic regions can be inferred from the general
trend: km 0-45, km 45-110, km 110-150 and km
165-198. For all peak bedform lengths, mean height
increases with distance from sea (Fig. 3). The associated standard deviations increase with increasing distance from the river mouth for peak bedform
lengths of 20 m and 50 m, but remains relatively
constant for the smaller bedforms. Mean bedform
lengths and standard deviations are more variable

From km 0 to ∼km 40 mean lee side angles
are reasonably similar to mean stoss side angles for
the two largest bedforms (ranging from 0◦ to 5◦ ),
whereas differences are relatively large for the smallest bedform size. Differences between stoss and lee
side angles generally increase with distance to sea.
Especially from km 165 to km 198 this divergence
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Figure 10: Mean dune height plotted against mean dune length, where colours indicate peak bedform
lengths (5 m, 20 m and 50 m). Least squares lines are plotted with R-squared values of 0.519, 0.614 and
0.740.
is large (sometimes twice the stoss side angle) for
the larger bedforms. Interesting is that, at ∼km
95, stoss side angles are higher than lee side angles.
For the bigger bedforms, stoss side angles almost
reach 10◦ and 12◦ here even though lee side angles
remain <5◦ . Following this difference in angles,
asymmetry values are also increasing with distance
from sea (Fig. 8), although large variations in this
ratio exist. A clear trend is therefore lacking. However, it is evident that asymmetry values are higher
for smaller bedforms compared to the bigger bedforms until km 120, and vice versa in the river reach
upstream of km 120.

4.2

Grain Size Distribution

The Padma-Lower Meghna river system exists of silt
and fine sand bed sediments, with median bed sediment sizes ranging from 0.01 mm to 0.250 mm (Fig.
12). Median particle sizes follow a general trend of
downstream fining with the finest sediments found
in the estuary. However, finer sediments also occur in low quantities further upstream in narrower
sections and near the confluence of the Lower and
Upper Meghna, wheras fine sands are also found in
the estuary.
From km 95 to km 0, a strong decline in grain
size is observed in the centre lane, left bank and
right bank (Fig. 13), where median particle sizes
drop from ∼0.15 mm to ∼0.02 mm. Grain sizes
23

Figure 11: Mean lee (yellow) and stoss (purple) side angles against distance from sea, based on dominant
bedform lengths (from top to bottom; 5 m, 20 m and 50 m). Dotted lines represent major river confluences
and bifurcations, with shaded areas being wide confluences or bifurcations. From left to right: Manpura,
Goshai, Daulatkhan, Elisha Ghat, Kaladabadar, Bakharpur and the Padma-Upper Meghna confluence.
remain relatively constant between km 95 and km
140. In the most upstream section, from km 198 to
km 140, trends differ between the sample locations.
Grain sizes strongly increase at first after which they
slightly decline at the river banks, whereas grain
sizes remain constant (±0.18 mm) in the centre
lane of the channel. The confluence of the Padma
and Upper Meghna indicates the approximate location where the increasing trend changes into a drop
in grain size. No significant changes occur near
other bifurcations or confluences.

4.3

most downstream reaches. Due to the size of these
features, hydrological and morphological conditions
might be different on either side. Therefore, river
properties (e.g. width, width-to-depth ratio, tidal
prism and cross-sectional area) of the surveyed river
reach (Fig. 14, blue line) as well as all river branches
combined (black line) are taken into account to explain aforementioned spatial trends in bedform dynamics and grain size distributions. River properties
are calculated using the Delft3D FM model of the
Lower Meghna and Tentulia river systems, except
for the bed level along the Multibeam survey track,
which is the smoothed bed elevation profile used in
this study. It should be noted that tidal variation
during the survey has not been accounted for, such
that water depth and bed levels along the Multibeam survey track have a range of ±4 m in the
estuary and decreases further upstream.

River Characteristics

Additional data of the river system in terms of river
properties against distance to sea is given in figure
14. The Lower Meghna includes major sand banks
and chars (i.e. islands and bars), especially in the
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crease of river width compared to river depth. The
peaks grow with smaller distance to sea. Further
downstream, the ratio increases strongly towards a
value of over 2×104 , showing that the river width is
2×104 times larger than the depth at the mouth of
the estuary. For the surveyed reaches located near
large bars (Fig. 14, blue), the W/D remains fairly
constant along the trajectory with a slight increase
from km 50 towards the estuary mouth.
The tidal prism decreases exponentially from
almost 4×109 near the estuary mouth to below
1×109 m3 at 198 km distance from sea. The tidal
prism along the survey track dips strongly near km
65 after which it increases again near km 30 towards a value of ∼1.4×109 m3 at the mouth of the
estuary.
The cross-sectional area of the river stretches
along the Multibeam survey track remains relatively
stable at a value of ∼0.6×105 m2 . For the total cross-section of all river arms, cross-sectional
area shows a significant increase between km 140
and km 115 after which it declines again towards a
value of ∼0.5×105 m2 . At km 65, the total crosssectional area follows a similar trend as the other
river properties and strongly increases towards a
value of ∼2×105 m2 at sea.

Figure 12: Spatial distribution of median grain size
D50 in the Padma and Lower Meghna river systems.

Water surface levels are fairly constant and do
not change much over the river stretch (Fig. 14).
The dotted lines show the range between which the
water surface level fluctuate due to high and low
water. Channel bed levels are highly variable with
the channel bed generally fluctuating between -20
and 0 m. Overall, channel depth decreases slightly
along the thalweg. This trend is not visible along
the track of the Multibeam survey.
Total river width generally decreases with distance to sea, with values varying from ∼6 km at
the narrowest section until a width of almost 40
km in the estuary. River width along the survey
track reaches a maximum of ∼24 km near km 65,
after which it decreases in downstream direction.
In the most downstream 30 km, river width slightly
increases again.
The width-to-depth ratio shows five peaks between km 75 and km 198, indicating a relative in25

Figure 13: Grain size distribution of bed sediment samples against distance to sea in the Padma and Lower
Meghna river systems. The black line indicates the median grain size (D50 ), the lower and upper boundaries
of the shaded area D10 and D90 respectively. From top to bottom: sediment samples taken in the centre
lane (50% of river width), left bank and right bank. Dotted lines represent major river confluences and
bifurcations, with shaded areas being wide confluences or bifurcations.
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Figure 14: River characteristics against distance from sea (in km). Panels indicate channel bed and water
surface levels (top), river width, river width divided by depth, tidal prism and cross-sectional area. Values
shown are calculated using the Delft3D FM model and are averaged over March, except for the bed level
along the MB track, which is the result of smoothing the measurements of the Multibeam survey. In the
upper panel the HW-LW range indicate the high and low water boundaries for water level respectively. In
the lower four panels, black illustrates river properties for all river branches of the Lower Meghna, whereas
blue illustrates the properties of the branch surveyed (separated by chars from the other branches) during
the field study. Vertical dotted lines and shaded areas indicate major river confluences and bifurcations,
with shaded areas being wide confluences or bifurcations. From left to right: Manpura, Goshai, Daulatkhan,
Elisha Ghat, Kaladabadar, Bakharpur and the Padma-Upper Meghna confluence.
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5 | Discussion
Spatial patterns in bedform trends (5.1) are discussed based on three main subjects: relation to
grain size distributions (5.2), channel properties
(5.3), and tidal influence (5.4). This is followed by
a comparison with other large-scale river systems
(5.5), a review on bedform prediction relationships
(5.6) and the limitations of this study (5.7).

5.1

5.2

5.2.1

Sediment distribution and
Correlation
Bed sediment

The bed material of the Padma and Lower Meghna
consists of silt and fine sand, with a median sediment size of ∼0.12 mm (Fig. 13). This is distinct
from most lowland rivers where median sediment
sizes often exceed 0.2 mm (Wilkerson & Parker,
2011).

Spatial Patterns

Generally, bed sediment diameters become
smaller towards the river mouth due to processes
of downstream fining (Frings, 2008; McLaren &
Bowles, 1985). The Padma and Lower Meghna
river systems show a similar trend, although some
regions deviate, with median grain sizes being in
accordance with previous studies of the area (e.g.
Sarker et al., 2011). Deviating bed sediment sizes
were mainly found close to river banks in regions
with high rates of accretion or erosion (Billah, 2018;
Dewan et al., 2017; Mahmud et al., 2020). The low
rate of downstream fining of bed material is similar
to what was found by Frings (2008), which might
be caused by the long alluvial plain of the GBM
delta (Kästner et al., 2017).

The continuity of the dune field, expressed as bedform density, is highly variable. Three regions show
a significant drop in bedform density; km 0-30, km
55-65 and km 110-120. These regions are relatively
close to large bifurcations or confluences, which
might cause the reduction in fraction of the bed
covered by dunes.
Generally, a downstream trend of decreasing
dune dimensions seems to occur, with the smallest bedforms being found in the region between km
50 and the seaward limit (Fig. 8). Mean dune
dimensions are highly variable along the surveyed
river stretch. Variability is largest upstream of km
110 (Fig. 9).

The estuary, the most downstream part of the
FTTZ, differs from the rest of the tidal river by receiving material from both fluvial and marine origin
(Dalrymple et al., 1992). The continuity of downstream fining towards the coast suggests that tidal
forces have limited effect on the sediment sorting
processes in the Meghna river, as strong tidal influence causes an increase of particle sizes towards
the river mouth (Dalrymple & Choi, 2007).

Lee and stoss angles show much variability, but
generally decrease slightly in a seaward direction
with angles becoming almost 0◦ near the Bay of
Bengal (Fig. 8). Mean values do not approximate
the angle of repose (30◦ , Best (2005)). Bedforms
in the Padma and Lower Meghna river systems are
therefore low-angled, with lee and stoss angles being relatively similar in the most downstream region
(∼km 70 to km 0). In km 95 - 100, stoss side angles
grow significantly compared to lee side angles, such
that the orientation of present bedforms changes.

5.2.2

From visual analysis (Fig. 7) it follows that
three-dimensionality and complexity of bedforms
generally increase with distance to sea.

Suspended sediment

Related to bed sediment size is transport stage (eq.
3.2), which is based on flow depth, slope and bed
sediment diameter. Recent research has shown that
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dunes in suspension dominated environments have
low-angle lee sides due to the processes of sediment
particles bypassing the dune crest and turbulence
dampening on the lee side (Naqshband & Hoitink,
2020). As a result, dunes flatten and slopes become
more gentle when transport stage increases and
more sediment particles move in suspension (Allen,
1982; Bradley & Venditti, 2017; Kostaschuk & Villard, 1996; Naqshband & Hoitink, 2020; Naqshband, 2014). In these environments, superimposed
bedforms are less important or completely absent
(Bradley & Venditti, 2019). In the Meghna river,
concentrations of suspended sediment are high with
maximum concentrations of 9000 ppm in the estuary (Sarker et al., 2011). This could explain the low
lee side angles found in the Meghna river.

mum dune dimensions increase with increasing particle size. As a consequence, maximum potential bedform dimensions are larger in coarse sediment than in fine sediment environments (Flemming, 2000).

Especially high suspended sediment concentrations can be found in the zone of the tidal turbidity maximum, which occurs throughout almost
the entire Meghna estuary (Barua, 1990). The
lower limit lies at approximately the 10 m depth
contour in the Bay of Bengal (Eysink, 1983) and
the upper limit lies around the north of the HatiyaManpura area, which coincides with the salinity intrusion limit at ∼km 45-50 from the river mouth
(in dry season) (Barua, 1990; Bricheno & Wolf,
2018; Eysink, 1983; Flemming, 2000; Sokolewicz
et al., 2008). The tidal turbidity zone results in a
sediment trapping zone of mainly finer sediments
(Barua, 1990). Suspended sediment settles during periods of slack water, which causes grain size
distributions and dune patterns to be significantly
different from those further upstream.

Bedform formation can also be suppressed by
very fine cohesive bed material, i.e. mud (<4 µm)
and silt (<63 µm), and organic matter. Increased
mud content can prevent dune growth significantly,
leading to small-sized dunes or complete absence of
bedforms (Parsons et al., 2005). In the most downstream region of the Meghna estuary, between km
0 and km 50, median grain sizes are very small (Fig.
12 & 13) and will be able to settle when tidal phases
shift and flow velocities approach zero. It is likely
that the high fine sediment fraction here contributes
to the occasional low dunes and overall absence of
bedforms (Fig. 8). This is supported by Schindler
et al. (2015), who showed that cohesive sediment
content has a significant effect on bed morphology in typical estuarine environments. Increasing
fractions of cohesive sediment content resulted in a
clear shift from fully three-dimensional large-scale
bedforms, through lower-angle, flatter dunes and
very low-angle dunes covered with current ripples
to surfaces that are close to a flat bed. A negative relationship exists between cohesive sediment
content and mean bedform dimensions and steepness, with the bedform height even reducing by an
order of magnitude. This corresponds to the most
downstream section of the Lower Meghna (Fig. 8),
where median bed sediment sizes are <63 µm and
the bed is relatively flat.

5.2.3

5.3

Correlation between sediment and
dune morphology

In deep flows, the grain-size dependent critical suspension velocity of water flowing over dune crests
can be an even more important factor for the development of dunes than water depth (Flemming,
2000). Since the critical suspension threshold increases with increasing bed sediment size, maxi-

5.3.1

Channel Characteristics and
Correlation
Channel properties

Trends in channel geometry differ along the fluvial to tidal transition zone. A clear break in scaling of geometrical channel characteristics separating the downstream tide-dominated sections from
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the upstream river-dominated reaches was previously found in the Mahakam delta and Kapuas
River (Kästner et al., 2017; Sassi et al., 2012).
A similar break in scaling was found in the river
width, width-to-depth relation and cross-sectional
area near km 60, close to Goshai and Daulatkhan
(Fig. 14). Here, local minima and abrupt changes
appear due to the tidal influence becoming stronger
than the river influence. Upstream of the break, the
width-to-depth ratio remains fairly constant with a
few outliers along the channel. This is where the
cross-sectional area also substantially increases towards the seaward limit of the channel.

5.3.2

to-height ratio of 25, which is closer to the ratios
found in the Padma and Lower Meghna than the
relationship found by Allen (1982) (Fig. 10).
River width and depth are closely related, such
that the cross-sectional area remains fairly constant. Only in the estuary, where mouth bars are
present, and upstream, where the Meghna bifurcates and rejoins, cross-sectional areas are larger
(Fig. 14). The surveyed river arm has a relatively continuous cross-sectional area of approximately 0.6×105 m2 . Therefore, dune dimensions
can be compared to the dimensionless width-todepth ratio. Upstream deviations in width-to-depth
ratios mostly coincide with large bifurcations, such
that the continuity of the dune field might also
be impacted by hydrological processes associated
with mechanisms dominating the branching off river
arms. Downstream, the ratio increases with decreasing distance to the river mouth, but the ratio only increases slightly for the river stretch surveyed. Dune characteristics therefore seem not to
be closely related to channel properties, such that
local hydrological and morphological changes might
be of greater importance than channel bathymetry.

Correlation between channel
properties and dune morphology

Whereas ripples are independent of water depth,
dunes are found to interact with the water surface
such that dune dimensions in shallow waters are
often scaled with water depth (e.g. Allen, 1968;
Yalin, 1964, 2015). According to Allen (1982),
dune height scales as 1/6 times water depth and
dune length as 5 times water depth, such that dune
length roughly scales with 30 times dune height.
In the Padma and Lower Meghna, bedforms are
much smaller than expected based on this relationship (Fig. 8). The height-to-length ratios for the
larger bedforms (20 m and 50 m) are also much
lower, whereas the aspect ratio for the smallest
bedforms is larger than expected (Fig. 10). The
smaller bedforms are therefore relatively flat compared to the bigger bedforms. This observation is
in contrast with previous studies that have shown
that ripples and smaller bedforms generally have
geometries with steeper angles (e.g. Allen, 1968;
Robert & Uhlman, 2001). Dalrymple et al. (2012)
state that dune length and height of tidal dunes
commonly scale as 5 and 1/5 times the flow depth
during peak tidal flow, respectively. This implies
that dunes are larger in the tidally influenced zone,
which is not the case in the Lower Meghna estuary.
However, this assumption corresponds to a length-

5.3.3

Bifurcations, confluences and
scour

Scours
Confluences are complex regions of flow with distinct morphological features, such as scour holes.
These depressions are usually oriented along the
area of maximum velocity and have avalanche faces
at the mouth of every tributary (Best, 1986; Rice
et al., 2008). Gualtieri et al. (2018) studied bed
morphology at the confluence of the Negro and
Solimoes Rivers, representing the second largest
river confluence of the Amazon basin. The confluence caused a scouring hole to form and it was
observed that bedform size increases and shape
changes with downstream distance from the erosion pit. This phenomenon also seems to occur at
the confluence of the Lower Meghna and Padma
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findings of (Ferrarin et al., 2018), who state that
small- and medium-scale dunes are formed on the
gentler slope of asymmetric scouring holes, whereas
the steep landward slope is often characterised by
a more regular morphology. Here, gravity currents
and vertical advection could generate energetic flow
entraining sediment in suspension that inhibit the
bedform formation (Ferrarin et al., 2018; Nittrouer
et al., 2008). These observations do not apply for
an erosion pit found near km 58 (Fig. 15, lower
panel). Both upstream and downstream sections do
not show any signs of bedforms and the first dune
formation occurs approximately 3.5 km from the
maximum depth. This region corresponds with the
smallest median bed sediment sizes, which might
be causing the lack of bedform formation in this
area (Ferrarin et al., 2018).
Bifurcations and Confluences
The most upstream two scouring holes are located
near large confluences or bifurcations, such that
other processes associated with this change in environment might also affect the variation in bedform density and heights. For example, the bifurcation near Elisha Ghat (∼km 93) causes a significant change in dynamics. In this region, stoss
angles become almost twice as steep as lee angles
and the bedform density drops significantly. Here,
the Ganeshpura river bifurcates with a large angle
from the main channel. This results in greater complexity of flow and sediment transport processes in
the area (Fig. 16). These areas of low flow velocities, complex flow patterns and flow reversals cause
bedforms to orientate in a different direction (Best,
2005).
The orientation of dune fields relative to the
direction of the vessel along the whole trajectory
will be discussed in section 5.7

Figure 15: Bed Elevation Profiles of three major
scour holes (1) after the confluence of the Upper
Meghna and Padma rivers (near Chandpur), (2)
near Elisha Ghat, and (3) in the estuary, showing that dune dimensions grow after the maximum
depth. Colours indicate bedform height (m) for
peak bedform lengths of 20 m.

rivers (Fig. 15, upper panel) and at the erosion
pit at ∼km 93 (Fig. 15, middle panel). This is
in accordance with the observed change in bedform
density (Fig. 8), which rapidly increases a few kilometres downstream of these scouring holes. Here,
enough sediment is available to form dunes on the
downstream side.
For the second scour (middle panel), bedforms
are present on the dipping slope, whereas no bedforms are formed on the upstream side of the first
erosion pit (upper panel). The observation of bedforms on the dipping slope is in contrast with the

5.4

Tidal influence

Prokocki et al. (2016) studied bedform morphology across the fluvial to tidal transition zone of the
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Figure 16: Magnitude and direction of the flow (red arrows) near the branching of the Ganeshpura river
(∼km 93) during low (left) and high (right) tide, as calculated by the Delft3D FM model. The blue dotted
line indicates the survey track along which the bedform characteristics are obtained. White area in the
centre is a bar and is excluded from the model.
Lower Columbia River, USA. They found that dune
heights en lengths are significantly smaller in the
tidally dominated zone than in the fluvially dominated zone. This coincides with the findings of the
Padma and Lower Meghna river systems, where the
tidal dominated zone stretches from km 0 to ∼50
according to the definition of Prokocki et al. (2016).
The largest variability in dune height and length was
found in the upstream region km 110-198 (Fig. 9).
This region corresponds to the fluvially dominated,
tidally influenced zone, where variability in dune dimensions peak (Prokocki et al., 2016).

flows due to the tidal period being too short for
the formation of equilibrium values (Dalrymple et
al., 2012; Sandbach et al., 2018). Dalrymple et
al. (2012) suggested that dune asymmetry is also
strongly dependent on the dimensions of a dune,
because the lag time of geometry adapting to river
flow increases as the square of the dune size. In
tidally influenced rivers and estuaries, smaller (secondary) bedforms generally adjust to the changing
flow direction partially or completely during tidal
cycles, whereas larger (primary) bedforms usually
remain oriented with the residual flow direction
(Bartholdy et al., 2002; Dalrymple et al., 2012; Ernstsen et al., 2006). These tidal processes are also
seen in the relatively similar values for stoss and lee
angles between km 0 and 70. Here, it is evident
that the differences between stoss and lee side angle are larger for the smallest bedforms (Fig. 11),

Tidal dunes generally have shorter wavelengths,
more symmetrical shapes and less steep lee slopes
compared with dunes in unidirectional flow (Davies
& Robins, 2017; Lefebvre et al., 2011; Paarlberg
et al., 2010). Maximum dune heights in tidal
flows have smaller scales than bedforms in steady
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indicating that these bedforms adapt to changing
flow conditions whereas the larger bedforms remain
more symmetrical.

5.5

5.6

Empirical relations for
bedform prediction

Above mentioned relationships between channel
properties, grain size and dune characteristics form
the basis of predictive equations for dune phase
and geometry (e.g. Allen, 1968; Julien & Klaassen,
1995; Van den Berg & Van Gelder, 1993; Van Rijn,
1984; Yalin, 1972). Many studies have proposed
different phase diagrams (Fig. 17) and scaling relations (Fig. 18) to predict bedform phase and geometry from these properties.

Comparison with other large
river systems

Bedform geometries are significantly different than
dunes observed in other large-scale river systems
(Table 4).
Dunes in the Padma and Lower Meghna are
relatively small with low lee side angles (1-9◦ ) and
small height-to-length ratios (0.01-0.03) (Fig. 8)
compared to the Mississippi, Fraser, Amazon, and
Parana rivers (Table 4). This is likely to be caused
by a combination of factors, such as the small
median sediment size, low flow depth and tidal
strength due to the relative survey location. The
flow rate might also be an influencing factor, as
dunes in low flows are more flattened than bedforms during high river discharges in the Mississippi
River (Nittrouer et al., 2008). Here, the river was
surveyed during intermediate flow, whilst bathymetric measurements in the Padma and Lower Meghna
were conducted outside of the monsoon season, i.e.
low flow conditions.
However, dunes have higher amplitudes than
bedform features that were found in the Huanghe
river (Ma et al., 2017). This river is relatively shallow and has bed sediment with a very small median
grain diameter. The fine sand-silt bed sediment
is likely to be transported in suspension, while the
flow depth also limits dune growth. These conditions could explain why dunes in the Padma and
Lower Meghna are substantially steeper than in the
Huanghe river.
A substantial difference is that no secondary
bedforms were found in the Mississippi and Amazon
rivers (< 20 m flow depth) (Galeazzi et al., 2018;
Nittrouer et al., 2008), whereas large compound
bedforms (lengths > 100 m) and smaller secondary
dunes were observed in the upstream region of the
Padma River.

5.6.1

Bedform occurrence and types

Focusing on the dominant situation, as these conditions might influence dune formation and stability
most, the phase diagram of Van Rijn (1984) indicates mostly ripples and dunes (lower flow regime)
whereas the predictor of Van den Berg and Van
Gelder (1993) expects a dominance of the upper
flow regime (Fig. 17). The resolution of the
DEM does not allow for the identification of ripples.
Therefore no comparison can be made for these predictions. However, large natural dune fields with
both smaller and larger bedforms were detected
along almost the full trajectory (Fig. 8). Flat areas
were mostly found in the estuary with a minor extent further upstream. Both diagrams seem to underpredict the number of dunes present in the channel, although the phase diagram of Van Rijn (1984)
predicts slightly better. The deviations could be attributed to the bidirectional flows and (weakly) cohesive sediments in the Padma and Lower Meghna
river systems. Especially for the diagram of Van
den Berg and Van Gelder (1993), the small bed sediment size causes a deviation on the x-axis, which
results in a limited range for which dunes could be
predicted.

5.6.2

Bedform dimensions

Both dune height and length are underestimated,
especially for the larger bedforms. Performances are
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Table 4: Dune characteristics and river properties of several large river systems.
Mississippi1

Fraser2

Amazon3

Huanghe4

Parana5

Dune characteristics
Hmean (m)
Lmean (m)
H/L (-)
Anglelee,mean

0.5-3
10-50
0.05-0.06
16.16

0.5a , 1.7b

1.15
25
0.046
16.3

0.05s , 0.03c
16-18s , 9-10c

2
2400
0.002-0.0005
26

1.2-2.5
45-85
0.021-0.029
8.5-18

River properties
Discharge (m3 /s)
Depth (m)
Width (m)
Velocity (m/s)
Distance to sea (km)
Tidal influence
D50

6,720-15,800
20-60
500-900
0.27-3.54
10, 135, 165
Yes
0.175-0.275

6,950
20
500
0.1-2.5
85
Yes
0.250-0.320

133,000
45-66
3.7-4.4
1,400
No
0.148-0.247s
0.271-0.505c

< 20 m flow depth, b 20-40 m flow depth
compound dunes, s simple dunes
Sources: 1 Nittrouer et al. (2008), 2 Hendershot et al. (2016),
Parsons et al. (2005), 6 Cisneros et al. (2020)

0.55-7.8
230-500
0.39-2.90
83
Yes
0.015-0.158

11,000
5-12
2,500
1-1.6
1,000
No

a

c

slightly better for dune height in the region close to
sea and for dune length further upstream (Fig. 6).
Prediction is better for the smaller bedforms, but
can still be considered poor. These findings imply that conventional and commonly used scaling
relations are not appropriate for this large, tidally
influenced river system with relatively small grain
sizes. Schindler et al. (2015) argues that this is because our ability to predict dune properties in mixed
mud-sand conditions is limited by our dependence
on cohesionless sediment-based predictors, despite
the recognition that physical cohesion imparted by
fine sediments (<63 µm) can significantly influence bedform dynamics (Jacobs et al., 2011). The
bidirectional currents also cause bedforms not to
reach their equilibrium height so that they will have
smaller scales than bedforms in steady flows (Dalrymple et al., 2012; Sandbach et al., 2018). This is
in contrast with the findings of this study. Bedform
dimensions are generally underpredicted by the relationships investigated here. Other research has
shown that, in large rivers, dunes could respond in

3

Galeazzi et al. (2018),

4

Ma et al. (2017),

5

a different manner to an increase in water level,
resulting in dimensions much higher or lower than
what would be hypothesized given the flow depth
(Bradley & Venditti, 2017; Prokocki et al., 2016).
As a result, the relationship between dimensions
and flow depth may have considerate scatter (e.g.
Best et al., 2007; Julien & Klaassen, 1995), is weak
or non-existent (Leclair & Davidson, 2011). This
highlights our limited understanding of the governing processes on dune formation and dimensions.

5.7

Limitations and Sensitivity

The empirical results reported herein should be considered in the light of some limitations. This section
discusses the constraints and plausible factors that
the outcomes could be sensitive to.

5.7.1

Data collection

Each data collection method and processing technique has limitations that researches should be
aware of. Within this study limitations mostly refer
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Figure 17: Bedform phase diagrams from Van den Berg and Van Gelder (1993) (left) and Van Rijn (1984)
(right) based on grain size distributions and data, e.g. depth-averaged velocity and depth, as calculated by
the Lower Meghna-Tentula Delft3D FM model. Here, high and low tide refers to the velocity and depths
at the moments that the tidal motion is at its maximum. The dominant values are calculated using a
probability density function (PDF) of velocity and depth over the complete tidal cycle. Dry and wet season
data includes averaged data from March and August respectively.
to the methods for determining grain size distributions and bathymetry.

differences in procedure between the sediment samples.
Bathymetric measurements obtained by the
Multibeam Echo Sounder are not corrected for
changes in water level due to the tidal cycle. As a
result, analysis of the dataset is limited to bedform
detection and computation of dimensions without
signifying absolute depth.

Main limitations of the Van Veen bed sediment
grabber are that it might close asymmetrical while
sampling from a drifting boat and at large depths,
and a performance that varies with substrate texture and design details (e.g. arm length, size of
bucket) (Andersin et al., 1981; Blomqvist, 1991;
Riddle, 1989). This could cause fine fractions to
be rinsed away during sampling. In an environment with mainly fine sediments, the distribution
of grain sizes might be sensitive to this procedure.
Additionally, getting a representative sample out of
a larger bulk product is often considered as a challenge during the laser diffraction procedure. Within
this study, the samples are thoroughly mixed to prevent this sample preparation error. However, it is
likely that the results are slightly sensitive to small

5.7.2

Delft3D FM Lower
Meghna-Tentulia river systems

The Delft3D FM was mostly used to determine
general river characteristics, such as channel width,
cross-sectional area and tidal prism, and local river
properties on the locations of the bed sediment
samples (i.e. depth and flow velocity). The results
is likely to be sensitive to the timeframe of data
(2009-2010) used for setting up and calibrating the
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Figure 18: Scaling relations against distance from sea, indicating what bedform dimensions can be expected
based on river characteristics, such as depth and median grain size. The blue lines represent dune height,
as shown in figure 8, smoothed using the moving mean.
model, as this river system is known for its high
erosion and sedimentation rates that cause lateral
channel migration (Uddin et al., 2015). However, it
is assumed that changes in river characteristics are
relatively small such that the river properties can be
used for analysis of processes and dune dimensions
present in the system.

5.7.3

decisions within this study include 1) the selection
of dominant bedform lengths, 2) the spatial discretization, 3) the application of boundary conditions for dune dimensions, and (4) the assumption
that the boat track is perpendicular to the dune’s
crest.
The outcomes of this study are likely to be most
sensitive to decisions made concerning selection of
dominant bedform lengths and associated detrending procedures. Although the method of van der
Mark and Blom (2007) limits the number of subjective decisions, choices have to be made if a BEP
contains multiple dominant wavelengths. Choosing
other dominant bedform lengths of interest or using
a different method to determine span values could
therefore result in the detection of bedforms with
different dimensions (Fig. 19). Mean dune characteristics are sensitive to large changes in span values

Bedform Detection

Although the method of van der Mark and Blom
(2007) was preferred over other methods because
of the limited amount of subjective choices, bedform detection and associated computed bedform
dimensions are still characterised by subjective decisions. Mostly because natural dune fields often contain more than one dominant frequency (i.e. peak
bedform lengths) and measurements are always accompanied by uncertainty and errors. Prominent
37

(Fig. 19, lower panel), although the sensitivity to
relatively small changes is limited (Fig. 19, upper
right panels). These large changes might be caused
by using a different method to determine span values and could result in aliasing and the computation of non-existent wavelengths. Within this study,
three bedform lengths of interest are selected, such
that their ranges do not coincide to avoid scale overlap. This is a reasonable choice as it covers a large
range of 5±5 m to 50±20 m. Bedform trends found
are therefore likely to be realistic for the field site.
A characteristic of the moving average filter used
in the method of van der Mark and Blom (2007)
is that the amplitude of a filtered signal is smaller
than that of the original one. As a result, a bedform
crossing the zero line is not necessarily crossing the
zero line in the filtered bed elevation profile, such
that it is not detected as bedform. This is intended
for very small bedforms but may also happen in
case of bigger bedforms that are meant to be detected. The opposite sometimes also apply, resulting in very small bedforms to be detected while it
is much smaller than the surrounding dunes.
Regarding the second issue, the Nyquist sampling theory states that the sampling rate must be
at least twice the highest frequency (Diniz et al.,
2010). Therefore, dunes up to 500 m in length
could be detected with the chosen discretization of
1 km per transect. As this study focuses on wavelengths shorter than 70 m, this discretization is sufficient.

Figure 19: Plots showing sensitivity of dune dimensions to changes in span value. Upper panel (left):
span value against peak bedform length for km 150.
Dashed lines indicate chosen bedform lengths and
dotted lines are the other possible choices. Upper panels (right): dune height and length against
changes in span value (steps of 2). Lower panel:
mean dune height and length against span value
(steps of 100), with dotted lines being chosen span
values. Note: the lower panel does not result from
spectral analysis and shows the variability of bedform dimensions in case a different method than
spectral analysis is being chosen. Example of section 150, as this sections shows large differences in
dune dimensions present (Fig. 8).

Thirdly, mean dune dimensions could be affected by the removal of bedforms that are lower
than 0.05 m, or three times bigger or smaller than
neighbouring bedforms. Especially in the central
part of the fluvial to tidal transition zone, where
variation in dune height and length is largest, this
could be expected. However, bed features that are
deviating this much are likely to be outliers, such as
erosion pits, which need to be excluded as detected
bedform as this is out of the scope of this study.
Finally, possible angles that dunes make with
the transect are being neglected. From visual in38

spection it follows that the dune crests are generally close to perpendicularity (deviation <10◦ ) with
respect to the trajectory of the survey vessel. Deviations up to 30◦ are found near confluences and
bifurcations, and at locations associated with sudden vessel movements. A boat track that deviates
with 20◦ from the track perpendicular to the dune
crests, causes an error in dune length of approximately 7%. As dune fields that show large deviations only cover small parts of the 1 km transects,
it is expected that its influence on the findings is
limited.

39

6 | Implications and recommendations
The fluvial to tidal transition zone can be considered among the most complex regions in the world,
because of the complicated interactive relationship
between sediment transport, flow regime and bed
morphology (Reesink et al., 2018; Van Rijn, 1984).
Most of the studies that focus on bedform formation in these regions have a limited spatial extent
(e.g. Davies & Robins, 2017; Lefebvre et al., 2011;
Paarlberg et al., 2010). The findings of this study
show the spatial variation of dune patterns along a
larger zone, which adds to the general understanding of these complex transitional regions.

spline filters to detrend in combination with discrete
wavelet transforms to segregate multiple bedform
scales. They successfully determined wavelengths
of four different scales in bed elevation profiles and
applied the same method to three-dimensional bedform data in the Río Paraná, Argentina. It might be
interesting to apply the method of Gutierrez et al.
(2013) to this dataset to obtain a more general understanding of the three-dimensionality, hierarchy
and superimposition of bedforms in the Padma and
Meghna river system.
Deltas are commonly acknowledged as highly susceptible to climate change, especially to rising sea
levels, variation in run-off, and anthropogenic influences (Nicholls et al., 1999). This study highlights
our limited understanding of the governing processes on dune formation and stability. Currently,
lacking knowledge of bedform morphodynamics in
the FTTZ obstructs our capacity to predict morphological features, and its contribution to flood risk
reduction and navigational purposes. Dune observations and plausible correlations presented in this
study pave the way for progress in our understanding of causative mechanisms controlling morphodynamics and bedform phase changes in the FTTZ.
The proposed links between bedform dynamics and
influencing factors need to be confirmed with further research. Additional research is needed to further quantify and explain dune dynamics in the fluvial to tidal transition zone. Directions and recommendations for further research will be mentioned
here.
As this study focused on spatial trends along
the FTTZ, temporal variations due to the relative strength of discharge and tidal forces are
not accounted for. However, Julien et al. (2002)
have shown that bedform geometry change during
floods. The large monsoonal variation in discharge
combined with the daily and fortnightly tidal cycles might cause dune shape to change significantly

However, this study mostly used onedimensional bed elevation profiles based on MBES
measurements, which allowed for determining basic bedform characteristics, such as dimensions
and steepness. Nevertheless, MBES measurements
are also suitable for the construction of threedimensional bedform profiles. Future research could
focus on this three-dimensionality in order to analyse the shape of bedforms more thoroughly. This
could provide additional information on the variation of dune trends along the river and its crosssections, as well as on important processes involved
in the shaping of dunes.
A suitable example could be the method of
Gutierrez et al. (2013), which also resolves implications caused by the deterministic and stochastic nature of bedforms. That is, investigations on
bedform geometry face the difficulty of determining
an objective method to adequately detect bedforms
of different scales. The method of van der Mark
and Blom (2007) used in this study assumes bed
elevation profiles to be statistically homogeneous
(i.e. size and amount of bedforms is constant along
the profile), while in many rivers multiple bedform
scales co-exist. The use of a weighted average to
detrend a BEP is therefore not suitable for transects
with more than one bedform scale. As a result,
Gutierrez et al. (2013) propose the use of robust
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on multiple temporal scales (i.e. daily, fortnightly,
seasonally). It would therefore be interesting to
investigate how large scale spatial trends in dune
geometry, as described in this study, change on
these timescales. Additionally, as these bedform
characteristics influence flow resistance (Lefebvre et
al., 2011), investigating the relation between flow
resistance and the aforementioned spatio-temporal
trends in dune geometry would provide valuable information for hydrodynamical modelling (Paarlberg
et al., 2010).
Frings (2008) have shown that large river bifurcations can cause complex variations in sediment
transport during high discharges. The effect of river
bifurcations and confluences on sediment transport
and dune characteristics is only briefly mentioned in
this study and it would be interesting to investigate
these relationships more in-depth. This could provide information on the processes involved in large
river bifurcations and confluences, which could be
valuable for flood prediction and water management.
As briefly mentioned before (4.1.1), mega bedforms (>100 m length) are present in the fluvial
dominated area. This study focuses on smaller scale
bedforms (<70 m), but it would be interesting for
future research to concentrate on spatial trends of
these mega bedforms along the fluvial to tidal transition zone.
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7 | Conclusions
In this study, spatial trends in dune properties along
the fluvial to tidal transition zone of the Padma
and Lower Meghna river system are investigated.
A summary of bedform trends and their controlling
processes are shown in figure 20. Answers to the
research questions provide the main conclusions of
this study:

per two regions. Two areas with peak heights and
length are observed.
The most downstream section starts in the estuary around km 45 and is characterised by a low
bedform density, small dune dimensions and lee
sides with angles similar to stoss side angles.
The aspect ratio generally follows the same
trend as dune dimensions along all four sections.

• How do bedforms trends vary along the fluvial to tidal transition zone in the Padma and
Lower Meghna river systems?

• How can trends in bedform geometry be explained with river characteristics, grain size
and tidal properties?

One of the most significant findings is the large variability of dune properties, which implies that dune
fields found in a certain kilometre cannot be considered representative for a larger region. Although
this variability is present within the whole study site,
the Padma and Lower Meghna river can be divided
into four sections based on distinctive dune geometry.

Dune geometry does not seem to have a clear relationship with river properties, such as depth, widthto-depth ratio and cross-sectional area. Due to the
size of this large river system, it is likely that processes controlling the formation of dunes, their dimensions and shape are controlled by more local
factors, such as the presence of confluences, bifurcations and erosion pits. Environments where multiple rivers confluence or bifurcate create complex
regions where bedform patterns deviate from other
sections. The complex flows, different flow velocities and potential flow reversals result in changing
bedform dynamics. In scours, bedforms are absent
on the steep upstream part whereas dunes with increasing dimensions are present on the upward sloping side of the scour.

In the most upstream part, stretching from
Mawa (km 198) to the confluence with the Upper
Meghna (∼km 147), dunes are well-developed and
relatively large compared to sections further downstream. Both two- and three-dimensional complex
dunes are found in this region, occasionally with
secondary bedforms superimposed. The bedform
density increases, while dune dimensions generally
decrease in downstream direction. The aspect ratio
reaches peak values in this section.
The second zone begins around km 147. Here,
dimensions are larger than in the downstream part
of the previous section and the two sections located
seaward. Variability is highest in this region. Asymmetry, i.e. the difference between lee and stoss side
angles, is also relatively large. The bedform density
decreases in seaward direction up to km 110, where
the third sections starts.

In the Lower Meghna and Padma, bed sediment sizes are subject to downstream fining with
a peak occurring in the maximum turbidity zone.
The amount of fine, (weakly) cohesive sediment is
likely to suppress dune height. Decreasing grain
sizes also shift the transport regime from bedload
to suspended load dominated. This causes dunes
to flatten and have gentler lee side angles, which
is likely to be the result of suspended sediment bypassing the dune’s crest.

Dunes in the third section (km 46 to 110), are
significantly smaller than dunes found in the up-

Finally, tidal energy becomes larger closer to
sea, which leads to more variability in shear stress,
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Figure 20: Summary of general bedform trends and processes.
flow velocity and sediment transport rates. This
affects processes controlling bedform occurrence,
growth and stability. The pronounced effect appears in the most seaward section. Here, dune size
strongly decreases, while symmetry increases. In
the tidally influenced zone, differences in stoss and
lee side angle are largest for the smallest bedforms.
This shows that smaller dunes adapt to variable
flow conditions, whereas larger bedforms are more
symmetrical and remain oriented in the direction of
residual flow.

Firstly, observed bedform phases differ significantly
from the bedform predictors of Van Rijn (1984)
and Van den Berg and Van Gelder (1993). These
methods generally underestimate the occurrence of
bedforms by predicting upper plane beds, ripples
and transitional beds more often than dunes, even
though dunes are found along the largest part of
the Padma and Lover Meghna river reach.
Second, dune dimensions of bigger bedforms
(>10 m) are generally underpredicted by existing
scaling relations, whereas dimensions of smaller
bedforms are overpredicted in the upper reaches
of the study area and reasonably predicted in the
downstream sections. Here, the method of Allen
(1968) predicts poorly in comparison with the other
scaling relations investigated in this study. For all
scaling relations, median grain sizes, flow depth and
depth-averaged flow velocity form the most important input parameters.

Feedback mechanisms between bed morphology, river flow and sediment transport processes
are complex and have to be further investigated
in controlled environments. It is therefore currently
not possible to differentiate between the effects of
aforementioned influencing factors. A better understanding of these processes might also improve
our ability to explain the high variability of dune
characteristics in the study area.

For both types of prediction models, it seems
that the fine materials on the bed, the scale of the
system and the bidirectional currents in the estuary strongly affect the suitability of the predictors.
The large variability of dune properties complicate
the setting up of well-functioning prediction models

• How do observed bedform characteristics (i.e.
phase, geometry) relate to expected bedform
properties based on bedform prediction models?
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even more, as it would involve the addition of local
factors that could affect dune morphodynamics.
The poor functioning of well-known prediction and
scaling models emphasizes the call for further research on hydrological and morphological processes
in the fluvial to tidal transition zone and large scale
river systems. A better understanding of key mechanisms affecting dune occurrence, growth and stability in these environments will enhance our ability
to explain dune trends found in this study. This will
benefit prediction of discharges and water levels,
which will contribute to anthropogenic challenges,
such as flood protection, navigation and bank stability.
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