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Abstract

Tidal asymmetry in deltas, resulting from the combination of astronomical tides and nonlinear tidal
interactions in shallow water, plays vital roles in sediment transport in the estuaries. Quantification of tidal
asymmetry is essential for understanding the factors contributing to long-term morphological changes. In this
study, the harmonic analysis method (T_tide) is applied to examine the spatiotemporal evolution of tidal asym-
metry under strongly variable river discharge conditions in the Sibsa-Pussur (SP) estuary of the GBM delta. The
required data is generated using a hydrodynamic model (Delft-3D) for the year 1978, 1988, 2000 and 2011. The
eight main tidal constituents (M2, M4, M6, K1, S2, O1, MS4, MSf) are considered for data analysis. The tidal
duration asymmetry and peak current asymmetry are determined, and the results quantify the tidal asymmetry
based on the amplitude ratio and phase difference. The results show that the SP estuary becomes flood domi-
nant over time, where the Pussur river shows more maximum flood dominant tidal asymmetry than the Sibsa
river. The upstream river discharge has enormous influences on the tidal regime of the SP estuary. Decreasing
discharge towards the SP system increased the flood dominant conditions. Including morphological changes in
the model may improve the model results, which will help to understand the main reason behind the SP estu-

ary’s sedimentation problem more accurately.
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1 Introduction

1.1 Context and Motivation

Deltas are very popular places to live because
of their prosperous fertile lands, productive fish-
eries, and other ecological and economic val-
ues (Guo et al., 2016). This populous nature of
deltas necessitates various infrastructure pro-
jects for flood protection and land reclamation
for agriculture and other uses. Typical
measures include polderization and the building
of dams/barrages for diverting river water for ir-
rigational purposes. Reclamation works often
result in serious environmental problems, in-
cluding loss of biodiversity, deterioration of
coastal water quality, and depletion of fishery
resources (Son & Wang, 2009). The direct im-
pacts of these human interventions are prevent-
ing the natural process of land elevation rising
and inducing subsidence (Li et al., 2010). Fur-
thermore, embankments alter the planform
shape and cross-sectional geometry of the tidal
rivers, creating strongly convergent estuaries
and reducing the extent of intertidal area (Stark
etal., 2017).

Like other deltas, the coastal zone of the Gan-
ges-Brahmaputra-Meghna (GBM) delta was
also subjected to extensive human interven-
tions in the past decades to accommodate the
growing population (Auerbach et al., 2015).
These human interventions are; the construc-
tion of polders, (partial) closure of distributary
rivers, changes in upstream sediment loads and
reduction of discharge during the dry period, re-
sulting from reservoir construction (Wilson et
al., 2017). This results in an intricate pattern of
local erosion (Auerbach et al., 2015), infilling of
tidal channels (Wilson et al., 2017) and amplify-
ing tidal amplitudes (Pethick & Orford, 2013).

The hydrodynamic and sediment transport

Introduction 1-1

processes dictating the morphological develop-
ment in these systems varies enormously. The
eastern part of this system is freshwater domi-
nated as it is the endpoint of the GBM basin
(Figure 1.1). These three mighty rivers carried
more than a billion tons of total sediment/year
and discharged into the Bay of Bengal (Rahman
et al., 2014). A significant portion of this sedi-
ment redistributed again within the nearest es-
tuaries (Rahman et al., 2018). On the other
side, the western part (consisting of two major
rivers Sibsa and Pussur) of this delta is tide-
dominated (Bomer et al., 2019), which allows
carrying the sediments from the sea to the riv-

ers.

This region is also affected by the upstream bar-
rage construction; named Farakka barrage (op-
erating from 1975) (Rahman & Rahaman,
2018). The Farakka barrage diverts water from
the Ganges river to the Hooghly River of Kol-
kata (District of India). Consequently, it reduces
the flow in the Gorai river (Figure 1.1), which is
the primary freshwater source for the western
region. Rahman and Rahaman (2018) show
that the monthly averaged discharge of the Go-
rai river has been reduced by around 50% in the
dry season (January — May) due to this barrage.
The anthropogenic interventions have altered
the natural dynamics and created various prob-
lems like; channel siltation, lowering the adja-
cent tidal-plain and floodplain (subsidence), and
channel abandonments in the south-west re-
gion of the country. About 600 km of this re-
gion's major waterways were infilled in recent
decades due to sedimentation and/or direct wa-
terways blocking (Wilson et al., 2017). Ulti-
mately, it reduces the navigability of that region
(Angamuthu et al., 2018).
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Figure 1.1 The Ganges-Brahmaputra-Meghna Delta, including the connectivity among the rivers with

the location point of the Farakka barrage.



Due to this sedimentation, many small connect-
ing channels (upstream of the Sibsa river) are
filled up and lost their connection with the Gan-
ges system (Mirza, 2004). As a result, a single
existing channel remains for connecting the Go-
rai river with the Pussur river (Figure 1.1). That
is why, though the Pussur receives some fresh-
water discharges, but the Sibsa does not. De-
spite that, the Pussur system has recently be-
come accreting contrary to the Sibsa system.
Which also leads to a continuous dredging ac-
tivity in the Pussur system. The exact mecha-
nisms driving the increased channel siltation is
not fully understood yet. The contrary behav-
iours of these two tidal rivers (Sibsa and Pus-
sur) are needed more insights for maintaining
the navigability of these rivers in the future. On
top of these local interventions, the GBM delta
is also subject to sea-level rise (SLR), consist-
ing of a global component (including the antici-
pated acceleration in SLR), which can exacer-

bate this problem even more.

From previous studies in different deltas, it is
found that the deformation of the tidal wave is
closely linked to geometrical channel properties
(Quesada et al., 2019; Rossi & Steel, 2016; van
Rijn, 2011). When tidal waves propagate into
shallow estuaries, they are modified by land-
ward width convergence and depth reduction,
bottom friction, and river discharge (Lanzoni &
Seminara, 1998). The width convergence factor
mainly determines the amplification of the tidal
wave while the presence of intertidal areas (act-
ing as intertidal storage volume and a source of
friction) reduces the high-water wave propaga-
tion celerity and influences tidal amplification
(Toffolon & Lanzoni, 2010). Ultimately, these
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kinds of tidal interactions with basin geometry,
bathymetry, and river flow lead to asymmetric
tides (Parker, 2016). Tidal asymmetry associ-
ated with the tidal distortion can significantly af-
fect net sediment transport, and consequently,
estuary evolution and stability (Dronkers, 1986;
Friedrichs & Aubrey, 1988; Jiang et al., 2011;
Speer & Aubrey, 1985). Therefore, analysing
the tidal asymmetry in the Sibsa-Pussur system
can help to understand the reason behind the
siltation problems. It will also give the oppor-
tunity to see the effect of different anthropo-

genic activities on this estuary.

1.2 Research Objectives

This MSc thesis focusses on the historical
changes of tidal dynamics in estuaries, which is
further complicated by changing upstream
boundary conditions. The Sibsa and Pussur
river system of Bangladesh is used as a case
study. With the help of a numerical model
(Delft3D), different years of hydrodynamic
changes are studied. This study aims to assess
the changes of tidal asymmetry in the Sibsa-
Pussur estuary, considering this is the primary
driving mechanism for sediment import/export,
and establish the influence of river discharge

variation on tidal asymmetry.

1.3 Research questions

Through this research, the following questions

will be answered.

1. How has tidal asymmetry developed in the
Sibsa-Pussur estuary?

2. What are the differences in tidal asymmetry
between the Sibsa and Pussur river?

3. How does river discharge modulate the tidal

regime?



2 Theoretical Background

2.1 Tidal wave propagation in shallow
water:

Astronomical tides are originated from the com-
bined gravitational forces of the moon and the
sun. The frequencies of tidal constituents in the
oceans directly relate to lunar or solar days,
which can be denoted in terms of diurnal and
semi-diurnal components. The propagation of
tides in the deep ocean is primarily governed by
linear processes, where their interactions gener-
ate subharmonic tides (spring-neap cycle) (Gallo
& Vinzon, 2005). The main semi-diurnal tidal con-
stituents are M2 (Principle lunar) and S2 (Princi-
ple solar), and the main diurnal tidal constituents
are K1 (Luni-solar diurnal) and O1 (Principle lunar
diurnal). In shallow coastal waters (where the
depth is less than 200m), other nonlinear forces
and processes such as bottom friction, diffusion
(due to turbulence), and advection (due to advec-
tive inertia forces) become increasingly account-
able for the dynamics of the tides. These non-lin-
ear process, such as bottom friction, which de-
pends on the square or higher power of the tidal
signal, modify the tidal wave on the shelf. As a
result, the tidal signal is become more compli-
cated and can no longer be represented by sim-
ple linear superposition of semi-diurnal and diur-
nal series

components. Using the Fourier
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concept, this nonlinear tidal signal can be recon-
structed by combining higher-frequency tidal
components or superharmonic tides. The nonlin-
ear interaction of an astronomical tidal compo-
nent with itself generates overtides with higher
frequencies such as M4 (2wM2), M6 (3wM2),
S6(3wS2). the
other tidal components generates compound
tides, viz. MS4 (wWM2+wS2), MN4(wM2+ wN2)
etc. (Neill & Hashemi, 2018)

Furthermore, interaction with

2.2 Characterising tidal asymmetry

Overtides and compound tides are the main
causes of tidal asymmetry (Piano et al., 2017).
Several methods are present to characterise and
quantify tidal asymmetry (such as the harmonic
method, statistical method) (Guo et al., 2019). In
this study, the harmonic method is considered
only. The harmonic method is based on the
phase differences and amplitude ratios of the in-
teracting tidal constituents. The strength of the
asymmetry depends on the ratio between the am-
plitude of the semi-diurnal tide and the overtides
(M4/M2, M6/M2). Furthermore, the nature of
asymmetry (whether ebb- or flood-dominance) is
determined by the phase difference between tidal
constituents (@= 2M2-M4) (Figure 2.1 & 2.2).
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\
I
'\ (M MM+ )2
\

Figure 2.1: Contributions of M2 and M4 tidal constituents leading to (B) a distorted but symmetrical tide and (D)
tidal asymmetry. In (A), the phase lag between M2 and M4 is 0 degrees, and in (C) the phase lag is 90 degrees.

(adapted from: Neill & Hashemi, 2018)



In general, the phase relationship between the
principal semi-diurnal tide (M2) and it's first har-
monic (M4) dominates the tidal asymmetry
(Friedrichs & Aubrey, 1988). Although the combi-
nation of M2 and M4 tidal currents in Figure 2.1A
results in a distorted tide (Figure 2.1B), whether it
is symmetric or asymmetric depends on its phase
difference (Figure 2.1C & 2.1D). Tidal asymmetry
can be interpreted as the vertical and the horizon-
tal tides: the vertical tide refers to the water ele-
vation, and the horizontal tide refers to the tidal
flow velocity. In the estuarine system, shallow wa-
ter influences them both. Within an estuary, the
principle of distorted tidal height “A” and tidal ve-

locity “V” can be illustrated as;
A =ay,cos(wt — Oyy) + apacos(2wt — Oyy)
V =vypcos(wt — @pz) + vpyacosQwt — @ua)

where t is time, w is tidal frequency, a is the am-
plitude of tidal height, v is the amplitude of tidal
velocity, 6 is the phase of tidal height, and ¢ is the
phase of tidal velocity. The vertical tide phase dif-
ference between M2 and M4 is defined as;
@ =2M2 — M4 = 26m2 — Bma
And the tidal amplitude ratio can be defined as
M4/M2 = ama/amz

Similarly, the non-linear parameters for tidal ve-
locity are 2¢@wmz - @ma, and vmz/vmz. An undistorted
tide has M4/M2 amplitude ratios of zero. A dis-
torted but symmetric tide has a relative 2M2 — M4
velocity phase of £90° and M4/M2>0 for horizon-
tal tides (Figure 2.2). If the velocity phase ranges
from -90° to 90°, then the distorted composite tide
has a higher velocity flood and is defined as flood-

dominant.

A system is called a flood dominant when the fall-
ing tide's duration exceeds the rising tide
(Kennish, 2016). If the falling tide duration is
shorter than the rising tide, it leads to a stronger

peak ebb current and the system is referred to as

Theoretical Background 2-5

ebb dominant (Kennish, 2016), and the velocity
phase ranges from 90°-270° (Figure 2.2). For
vertical tide, the flood dominant phase difference
ranges from 180°-360°, and the ebb dominant

phase difference ranges from 0° - 180° (Figure

2.2).
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Figure 2.2: Linear relationships between relative phase
and tidal distortion for M4/M2>0 (Adapted from
Friedrichs & Aubrey, 1988)

2.3 Tidal asymmetry and sediment
transport

Tidal asymmetry is considered one of the most
critical processes in creating residual sediment
transport and associated large-scale morpholog-
ical changes in tidal environments, including es-
tuaries (Gong et al., 2016). Based on its mecha-
nism, tidal asymmetry can be different, such as
(1) unequal rising and falling tidal duration of ver-
tical tides, caused tidal duration asymmetry
(TDA); (2) uneven peak ebb and flood velocities,
caused peak current asymmetry (PCA); and (3)
unequal high water and low water slack durations
in tidal currents, caused slack water asymmetry
(SWA) (Dronkers, 1986; Gong et al., 2016; Guo
et al., 2019). Based on the nature of tidal

360" - Maximum ebb domi-
nant asymmetry at 270°
for vertical tide and
180° for horizontal tide.



asymmetry, it can be flood dominance or ebb
dominance. A shorter rising tide than the falling
tide, stronger peak flood currents than ebb cur-
rents, or longer high water slack than low water
slack result in flood dominance. On the contrary,
a shorter falling tide, stronger ebb currents, or
longer low water slack promote ebb dominance
(De Swart & Zimmerman, 2009). A flood tidal
asymmetry induces a landward residual sediment
transport (sediment import from the sea), and an
ebb tidal asymmetry causes a seaward residual
sediment transport (sediment export to the sea)
(Guo et al., 2014).

Sediment transport rates “s”, generally scale with
the power function of tidal currents “u”; (s=fu,
where x varies from 3 to 5), so slight differences
between flood and ebb currents can cause signif-
icant residual transport differences (De Swart &
Zimmerman, 2009; Dronkers, 1986; Postma,
1961). The transport behaviour of bedload (e.g.,
sand) and suspended load (e.qg., silt and clay) are
different. The bedload sediment transport rate is
mainly the power function of current velocities
with little time lag effects. Simultaneously, the
suspended load is mixed throughout the water
column and strongly affected by time lag effects
on initial motion and settling (Groen, 1967;
Postma, 1961; Van Rijn, 1993). Different indica-
tors of residual sediment transport are developed
based on tidal asymmetry. The peak current
asymmetry (PCA) serves as an indicator of a re-
sidual flux of coarse sediment, and the slack wa-
ter asymmetry (SWA) serve to indicate the resid-

ual flux of fine sediment (Dronkers, 1986)
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In practice, PCA and SWA are not easily com-
puted because long records of tidal currents are
not readily available. Thus an alternative indicator
is tidal duration asymmetry (TDA), characterising
inequality between rising and falling tidal periods
in tidal water levels. TDA is much more widely
used because of the availability of tidal water
level data. However, TDA is not an alternative for
PCA. Tidal currents are far more sensitive to ba-
sin geometry (e.g., channels, shoals and tide
flats) and external forcing (e.g., river discharge)
than surface water heights; thus, PCA is still pre-
ferred in indicating residual sediment transport. In
this study, both the tidal duration asymmetry (as
asymmetry of the vertical tide) and the peak cur-
rent asymmetry (as asymmetry of the horizontal

tide) are determined.



3 Methodology

This section describes the methodology to an-
swer the research questions, starting with the
selection of the study area and a detailed de-
scription of the field site (section 3.1). Then the
collection of the available data are described in
section 3.2. Availability and quality of the field
data lead to a hydrodynamic model, which is
discussed under the model description (section
3.3). Last section 3.4 will describe the use of the
T-tide function (developed by Pawlowicz et al.,
2002) to determine the tidal amplitudes and
phases. Figure 3.1 shows the methodological

framework of this study.

Selection of
Study Area

Analysing availahle
data

Applying Delft3D
model for several
\rears

Filtering the DIJtp'JT using Godin filter|

2

Harmonic analysis
using T_tide

Qutcome

\/

Tidal Constitutes Results

Amplitude o | |Peak current asymmetry
Current Tidal duration asymmetry
Phases

Figure 3.1: Methodological framework of the
study.

3.1 Site Description

The western part of the lower GBM delta is con-
sidered for this study. This part is characterised
as an extensive system of tide-dominated rivers

(distributaries of Ganges). The main two rivers
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in this part are Sibsa and Pussur rivers. These
are connected to the Ganges by the Gorai and
partly by the Madhumoti and the Arial Kha rivers
(Figure 1.1). So, the flow in these systems di-
rectly depends on the Ganges river flow.

In 1971, the Farakka Barrage was built across
the Ganges at the Ganges delta's apex (Start
operating from 1975) (Figure 1.1). This barrage
aims to divert 1,800 cubic metres per second of
water from the Ganges to the Hooghly River for
flushing out the sediment deposition from the
Kolkata harbour. Because of that, flow in the
Gorai distributary of the Ganges reduced signif-
icantly over the last few decades (Rahman &
Rahaman, 2018). Which ultimately decrease
the water flow towards the Sibsa-Pussur (SP)

system.

The second-largest seaport of Bangladesh,
known as Mongla seaport (approximately 132
km upstream from the sea), is located on the
east bank of the Pussur river (Figure 3.2). Since
its establishment in 1950, this port has been
playing an important role in international trade,
national defence, and commerce of the country
(Islam & Haider, 2016). It is necessary to main-
tain the navigability (at least 7.5 m navigable
draft) of these rivers to keep this port active
throughout the year. Because of that, several
dredging efforts have been made to restore the
navigability of the Pussur River (Rahman & Ali,
2018).

The construction of polders is also present in
this system. During 1960, East Pakistan Water
and Power Development Authority (called EP-
WAPDA that time, now known as BWDB) con-
structed over 139 polders (4000 km of embank-
ments) across the entire coastal belt of Bangla-
desh (BWDB, 2013). These polders were built

to protect the land from coastal flooding, storm



surges and help achieve food security through
better water control. In the south-western part
alone, about 1566 km of embankments (pol-
ders) were constructed (BWDB, 2013). There-
fore, many anthropogenic interventions have af-
fected the natural system of this area over the
past five decades.

Legend

: Mongla Sea Port
/. WL stations
[ ] Poldered area
[ | River
[ | sundarban

J
c

!

HironPoint

Methodology 3-8

This system is also crucial for the presence of
the mangrove forest “Sundarbans” (Figure 3.2).
A significant part of the system runs through this

forest. These extensive vegetated areas also

have an enormous influence on tidal propaga-
tion.

JONY inssnd

0 5 10 Kilometers
rerenied

Figure 3.2: Location map of the Sibsa-Pussur river with existing Water level stations, Polders, Mongla
seaport, and the Sundarbans.



3.2 Data Collection

All the data used in this study are collected from
secondary sources. Two governmental organi-
sations, the Bangladesh Inland Water Transport
Authority (BIWTA) and the Bangladesh Water
Development Board (BWDB), are responsible
for collecting water level (WL) data of the river
in the study area. BIWTA measures the Data
using the automated gauge at 30minutes inter-
vals, and BWDB manually took the high tide and
low tide WL of a day (two readings in a day).

BIWTA has two WL measuring stations (Figure
3.2) within this study area. (i) The Hironpoint
station, located closest to the ocean with data
available from the year 1977 to 2015, and (ii)
The Mongla station, located near the Mongla
seaport (Figure 3.2), which data are available
from the year 2000 to 2015 with some missing
values in between. The Rupsha station, oper-
ated by the BWDB, is situated in the most inland
(Figure 3.2). This station’s data are available
from the year 1981 to 2012.

The tidal regime of the Sibsa-Pussur system is
calculated by using the Hironpoint observed
data. Hoitink et al., (2003) classified the world's
tidal regimes based on the tidal form number F,
[F=(Ak1tAo1)/(Am2+As2), where Ais the tidal am-
plitude of corresponding tidal constituents]
Tides are defined as diurnal for F > 3 and semi-
diurnal for F< 0.25. The mixed tides in-between
are dominantly semi-diurnal for F= 0.25-1.5 and
dominantly diurnal for F= 1.5-3. In this study, the
SP estuary's tidal form number found as 0.23,

which is in the semi-diurnal regime (F < 0.25).

In general, the tidal asymmetry tends to flood
dominant in most semi-diurnal regimes (Song et
al., 2011). However, further tidal analysis is nec-

essary to know about the strength and the
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nature of the tidal asymmetry. With the available
data range and data period, it is hardly possible
to perform the tidal analysis. Therefore, a hy-
drodynamic model is used to generate more fre-
qguent water level and velocity data. The velocity
data is necessary to calculate the tidal asym-

metry of the horizontal tide.

3.3 Model Description

A hydrodynamic Delft3D model of the Pussur-
Sibsa system is developed by Deltares (van
Maren, 2020) and made available for this study
(Figure 3.3). Delft-3D is a grid-based structured
model capable of simulating the hydro-morpho-
dynamical changes of a system (Deltares,
2014).

T T
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Figure 3.3: Model domain (in colours) with
names of the existing observation stations (in
red) and main rivers (black italics). The grey ar-
eas are the vegetated Sundarbans, with a
depth of 2 meters above MSL. Depth is relative
to MSL. (Adapted from van Maren, 2020)



For this study, only hydrodynamic changes are
considered to generate both spatial and tem-
poral data. Twenty-one observation points over
the study area (Figure 3.3) are considered to
generate the hydrodynamic (water level and ve-
locity) data for the year 1978, 1988, 2000 and
2011.

The model boundaries were forced with water
levels at Hironpoint and discharge from the up-
and “Koba-

dak” (Figure 3.3). The upstream river's dis-

stream rivers “Nobaganga”, “Hari”,
charges were collected from the Institute of Wa-
ter Modelling (IWM) Bangladesh (Figure 3.4).
From the available discharge data, it is found
that Nobaganga supplies a significant portion of
the water to the SP system and receive this wa-
ter from the Gorai river (Figure 1.1). The contri-
bution from the Hari and Kobadak rivers are

minimal in amount.
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Figure 3.4: Boundary conditions for the Nobabanga, Koba-
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The SP model was calibrated against water lev-
els (Figure 3.5a) and discharge (Figure 3.5b). In
both cases, Manning’s n was considered as a
calibrating factor. The run with the manning’s n
= 0.015 shown the most satisfactory results in
both cases (Figure 3.5), which is considered for
further model use.
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Figure 3.5: Computed and Observed (a) water
levels and (b) discharges, Run 28 represents the
Manning’s n = 0.015. (Source: van Maren, 2020)
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The calibrated SP model is used for further data
generation. The model was run for years 1978,
1988, 2000, and 2011 to represent the 40 years
of temporal variation. For each year run, only
the boundary conditions (both upstream and
downstream) of the model were changed as
there corresponding years. All the other model
settings and bathymetry were kept the same as
the calibrated model. Furthermore, 21 observa-
tion points (12 at Pussur, 08 at Sibsa channel,
and 01 at Hironpont used in common) were con-

sidered for the spatial tidal analysis (Figure 3.3).

Two hypothetical upstream boundary condition
was created to observe the effect of upstream
discharge variation on the system. One referred
to as “1.5Q”, which means hypothetically dis-

charge increased by 1.5 times of the actual



discharge in the dry time. This increment factor
is chosen because Rahman & Rahman (2018)
found that during the dry period, the Farakkha
barrage reduced the river's average discharge
by about 50%. So, considering no Farakkha
barrage will increase the flow by 1.5 times. An-
other one referred to as “2Q”, which means two
times the discharge increased during the dry
time. This scenario was developed to see how
the system will act if more water is allowed from

the upstream.

3.4 Tidal Analysis

The tidal analysis is necessary for determining
the tidal asymmetry of a system. Harmonic
analysis is the most common tidal analysis
method, which provides quantitative metrics to
analyse the tides. For that, a least-squares tidal
analysis (T_tide; Pawlowicz et al., 2002) is used
to separate the main tidal constituents' ampli-
tudes and phases. With that, to see the impact
of river discharge, the nonstationary harmonic
analysis is done using NS _tide (a modified ver-
sion of T_tide, developed by Matte et al., 2014).
Before using the model output in tidal analysis,
it is required to remove the high-frequency sig-
nal from the time-series data to get a more ac-
curate tidal analysis result. For that, the Godin
filter was used to remove the high-frequency
signal (Godin, 1972).

3.4.1 Data filtering

The “Godin_Filter” function was used for both
the WL time-series data (Figure 3.6a) and the
velocity (both “u” and “v” components) time-se-
ries data (Figure 3.6b). According to Godin
(1972), this function applies a three-step low-
pass filter to a time-series to remove the higher
frequency signals and obtain the residual sig-

nal.
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Figure 3.6: Godin-filtered time series (red
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line), and residual series (black line) for a)
water level at Mongla, b) Expanded velocity
time series at HironPoint station.

After getting the filtered time series value, the
T _tide function was used for doing the Har-

monic analysis.

3.4.2 Applying T_tide:

T_tide uses an equilibrium tide model to obtain
frequencies of tidal constituents, then fits each
of these constituents to the provided time series

and finds each constituent's best-fit phase.

T_tide models the tidal heights C as

$(0) = foo + D) s cos(wit) + fy; sin(win)]

i=1
Where t is time, wi is the frequency of an indi-
vidual tidal constituent, and foo, f1; and fz2; are
unknown coefficients to be determined by re-
gression
(Pawlowicz et al., 2002).

analysis using observations



The T_tide function allows for analysing scalar
data (heights, figure 3.7a) and complex data
(velocity, figure 3.7b). The Delft3D model can
generate the depth-averaged velocity at a given
observation point. This velocity is formed as
complex data with the “U” and “V” component.
All the model's observation points are located
on the thalweg of the river. That is why the
depth-averaged velocity of the corresponding
observation point is considered representative
of the whole cross-section. During the harmonic
analysis, the T_tide function calculates the
magnitude of the complex data as; U+sqrt(-1)*V
(where U is the eastward velocity and V is the

northward velocity)(Pawlowicz et al., 2002).

Figure 3.7 shows the output obtained from
T_tide for the analysis period of 2011. The
model prediction of T_tide fits well with the fil-

tered data (Figure 3.7a).
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4 Results

4.1 Analysing existing data

4.1.1 Water level

The existing measured WL level data from
BWDB and BIWTA are plotted (Figure 4.1) to
see the tidal range between the high tide and
low tide. From figure 3.3, it is found that the tidal
range in the Sibsa-Pussur (SP) system has

been increasing since 1976.

The increase in tidal range leads to an increase
in high waters. For the Hironpoint station (most
seaward station), both the high tide and low tide
are increasing (Figure 3.3a), but still, there is a
clear indication of increasing the tidal range
over time. For the Mongla and Rupsha stations
(both are landward stations), the annual high
water increased, and low water decreased (Fig-
ure 3.3b & 3.4). The increase in high water with
the decrease in low water are the results of tidal
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With that, to examine the shape of the tidal
curve, one day of data was plotted for Hi-
ronpoint, Mongla and Rupsha stations during
the dry and wet period of the year 2011 (Figure
4.2). The figures show that the tidal curve be-
comes increasingly asymmetric in the landward

direction
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Figure 4.2: Single-day water level data at Hi-
ronpoint, Mongla and Rupsha stations during
the dry and wet periods of the year.
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Figure 4.1: Observed water levels at a) HironPoint, b) Mongla, and ¢) Rupsha. The yellow dots are
the highest and the lowest peak point of a day, and the red line is the trendline providing daily low-
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4.1.2 River Characteristics

As mentioned earlier, 21 observation points
(OPs) are taken in the Sibsa and Pussur river
model. Among them, 12 OPs are in the Pussur
system, and 08 OPs are in the Sibsa system.
The Hironpoints OP is considered as common
for both rivers. All these OPs are chosen on the
thalweg of the river. Figure 4.3 shows the river

depth and width illustrate from the model
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bathymetry of the corresponding OPs. Both the
river's width is decreasing towards the landward
direction, which means these rivers are con-
verging. Considering river depth, Sibsa shows a
slightly deeper channel than the Pussur. In both
cases, river depth decreases except for a drop
at 40km for Sibsa and a sudden rise at 45km for
Pussur. The depth of the Pussur increases after

around 93 km.
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the river width, and the black dots represent the locations of the observation points for a) Sibsa and
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4.2 Asymmetry of the vertical tide

4.2.1 Spatial variation of tidal amplitudes

Like other semi-diurnal estuaries, tidal asym-
metry in the Sibsa-Pussur (SP) estuary can be
related to M2, S2, K1, O1, M4, M6, MS4, MSf,
which are further analysed here. M2 is the most
dominant tidal constituent in the SP system, fol-
lowed by S2, K1, and MS4 (Figure 4.4 & 4.5).
Besides that, M4 is also considered because it
is the first harmonic of M2 and dominates in
many estuaries. The tidal asymmetry can also
be affected by the sixth-diurnal tide M6 in some,

mainly semi-diurnal estuaries. Near the coast,
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the effects of the fortnightly tide MSf are limited
compared with those of the main diurnal and
semi-diurnal tides. Figure 4.4 shows how the
amplitudes of these eight constituents enlarge
in the landward direction. However, the enlarge-
ment rate is different in these two different rivers
(Figure 4.5a & 4.5b). The geometric conver-
gence and decreasing depth of the Sibsa and
Pussur river (Figure 4.3) may lead to a gradual

increase in tidal amplitudes towards the estu-

ary's landward direction.
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Figure 4.4: Spatial variation of the vertical tidal amplitudes (M2, M4, M6, K1, S2,
01, MS4 and MS) for the year 2011 tidal analysis.



Focusing on the main diurnal constituents K1
and O1, the T_tide results show that the varia-
tions of the mean amplitudes are in the range
0.19-0.23 m and 0.05-0.08 m, respectively,
among the different stations. The mean ampli-
tudes of the main semi-diurnal constituents M2
and S2 range between 0.8-1.35m and 0.28m —
0.4m, respectively (Figure 4.5). The largest am-
plitudes are found at the stations around the riv-
ers' landward direction, where the poldered ar-
eas start (Figure 3.2). The S2 amplitude is
about one-third of the M2 amplitude. The nar-
rowing of the rivers also enhances the overtides
and compound tides, such as M4, MS4 and M6.
The peak values of M4, MS4 and M6 ampli-
tudes are found 0.17m, 0.12m and 0.06m, re-
spectively (Figure 4.5). There is also a landward
increase of the MSf amplitude throughout the
estuary. However, compared to other consti-
tutes, the contribution from the MSf is relatively

small to the tide.
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Two main channels are identified within the SP
estuary: the Sibsa channel and the Pussur
channel. For these two channels, the along
channel variations of the mean tidal amplitudes
of eight main constituents are shown in Figure
4.5a and 4.5b. M2 is the most dominant tides in
both cases, followed by the S2, K1, MS4, M4,
01, M6 and MSf. M2 has a similar amplitude
until the bifurcation point (about 13 km from the
mouth of the ocean) of the two rivers; from that
point onward, the trends increase. At the point
of around 93km of the Pussur channel, there
was a downward trend for the M2 and S1 am-
plitudes. The possible reason for this change is
probably the presence of interconnected chan-
nels at that point (Figure 3.2). This may cause
the scouring and increase the depth (Figure
4.3), lead to decreasing M2 and increment of
M4,
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4.2.2 Temporal Variation of tidal Amplitude

From the year 1978 to 2011, four different years
(1978, 1988, 2000, and 2011) choose to run the
model for mimicking the temporal variation of
over 33 years. The choice of the year depends
on data availability and hydrological character-
istics. The year 1978 is the earliest available
data year, 1988 is the most flooded year, 2000
is the driest year, and 2011 is the latest availa-
ble data and model validating year.

Figure 4.6 shows the model predictions of am-

plitude ratios along the Sibsa and Pussur
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channel between 1978 and 2011. Figure 4.6a
and 4.6b show that the Pussur channel's tidal
asymmetry is more robust than in the Sibsa
channel. There is a slight drop at 65km for the
Sibsa channel and around 60 km for the Pussur
channel. Among the years, 1988 shows the
strongest tidal asymmetry, followed by the year
2000, 1978, and 2011 for the Sibsa channel,
and 1978, 1988, and 2011 for the Pussur chan-
nel.
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4.3 Asymmetry of the horizontal tide
4.3.1 Spatial variation of tidal current ampli-
tude
The same observation points are used in the
model for analysing the asymmetry of the hori-
zontal tide, as used in the asymmetry of the ver-
tical tide. Time-series predictions (every 30min)
of tidal velocities are computed for each obser-

vation point in the model. The time series are

harmonically analysed to derive the contribution
tidal

of the most critical constituents. The
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observation points' location within the channel
section influenced the results significantly since
velocities were highly affected by the local ba-
thymetry. Therefore, the trend between the
asymmetry of the vertical tide and asymmetry of
the horizontal tide is different from each other.

Figure 4.7 shows the spatial variation of tidal

currents for different tidal constituents during
the year 2011.
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Figure 4.7: Spatial variation of the horizontal tidal current amplitudes (M2, M4, M6, K1, S2, O1, MS4
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Though there are no observable trends found in
horizontal tidal constituents like the vertical one,
M2 is the most dominating tidal constituents, fol-
lowed by the S2, K1, and M4 (Figure 4.8). Some
other overtides like O1 and M6 are quite the
same throughout both channels (Figure 4.8a &
4.8b). In some places, MS4 is more dominating
over these two overtides (O1, M6). Here, MSf is
less significant for the horizontal tide as well.
From figure 4.8a, it is found that for the Sibsa
channel, there is an increasing trend for M2, S2,

and K1 tidal current amplitudes until the point at
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again increase until 65km. After that, there is a
considerable drop found for these three tidal
constituents. The trend seems quite similar to
the depth of the Sibsa river (Figure 4.3). On the
other side, in the Pussur channel same three
tidal constituents follow the increasing trend till
point 45km (Figure 4.8b). Afterwards, two visi-
ble drops are found around at 65km and 93km
in the Pussur channel. All these abrupt changes
of tidal currents can be related to the major ba-
thymetry changes or the diversion of the river

water through different interconnected chan-

30km. Afterwards, there is a slight drop, then nels.
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Figure 4.8: Longitudinal profiles of mean tidal current amplitudes of main constituents (M2, M4, M6, K1, S2, O1,
MS4, MSf) along the a) Sibsa channel and b) Pussur channel in the SP estuary during 2011

4.3.2 Temporal variation of tidal currents

Like vertical tidal analysis, the same four years
are taken for analysing the temporal variation of
the horizontal tidal currents. Figure 4.9 shows
the temporal variation for both the river Sibsa

and Pussur. In all four cases, the year 1988
shows the most distorted tide, followed by the
year 1978, 2000, and 2011 for the M4/M2 ratio
(figure 4.9 a & b)
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4.4 Nature of the Tidal Asymmetry

Whether the system is flood dominant or ebb
dominant, this can be determined from the cal-
culations of phase difference (2¢2- ¢4) (see
chapter two for detail). In the case of asymmetry
of the horizontal tide, a system is called flood
dominant when the phase difference is lies be-
tween 0°- 90° & 270°- 360°. From 90°- 270° rep-
resent the system as ebb dominant. If the phase
difference is close to 90° or 270° (-90°), then the
system is known as the symmetric tide. So more
far from these two points will represent more
asymmetric tide. For the SP estuary, phase dif-
ferences are calculated from the tidal analysis
of horizontal tide (Figure 4.10) and vertical tide
(Figure 4.11) for the year 1978, 1988, 2000 and
2011.

Peak current asymmetry

Figure 4.10 shows the peak current asymmetry
of both the Sibsa (dotted line) and Pussur (solid
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line) river along with the longitudinal profile and
four different years of temporal variation. In the
Sibsa channel, the temporal variations of the
tidal asymmetry are not that much, except for
the first point and at 30km (Figure 4.10). How-
ever, the spatial variations are significant. Ini-
tially, it seems to be ebb dominant till 30 km,
then goes close to the flood dominant to sym-
metric. After 80 km, the asymmetry becoming

maximum flood dominant.

On the other side, in the Pussur channel, there
are some temporal variations along the river at
23 km, 45km and 93km (Figure 4.10). Where
from O to 40km, recent years show more close
to the ebb dominance. However, the rest of the
river shows flood dominance. The asymmetry
towards the longitudinal profile of the Sibsa river
also shows flood dominant in most of the points
(Figure 4.10).
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Tidal duration asymmetry

From figure 4.11, it is found that the Sibsa chan-
nel shows more symmetrical behaviour consid-
ering the tidal duration asymmetry. In contrast,
the Pussur is becoming more flood dominant
over time and toward the landward direction.
The central part of the Sibsa river (from 30 to 60

km) is symmetric or slightly ebb dominant;
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afterwards, it becomes flood dominant.
Whereas the Pussur behaves differently, it
shows maximum flood dominant asymmetry in
the central (at around 60km). Afterwards, it
stayed at maximum flood dominance, almost
throughout the rest of the channel. From 0 to
around 40km, Pussur behaves the same as
Sibsa, becoming symmetric from the flood dom-

inance asymmetry.
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4.5 Relation with the upstream dis-
charge

The nonstationary harmonic analysis (NS _tide;
developed by Matte et al., 2013) is applied to
see the impact of river discharge on tidal asym-

metry.
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Figure 4.12: Impact of discharge on different
tidal constituents.
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The outcomes show a direct relation with the
discharge and M2, M4 amplitude of the SP sys-
tem. When there is a higher discharge available
in the system, the M2 and M4 amplitudes are
also at their peak (Figure 4.12). With that, two
hypothetical scenarios have been developed
(1.5Q and 2Q) considering no Farakka barrage
on upstream of the river. All the previously men-
tioned tidal analysis are done and compared
with the year 2011 (referred to as 1Q in figure
4.13).

Figure 4.13 shows that if there is no discharge
reduction present in the system, then the Sibsa
channel's tidal asymmetry will not change that
much. However, the Pussur channel will be-
come symmetrical from flood dominating asym-
metric tide. This means the Pussur channel is

more sensitive to the upstream river discharge.

-+-1Q -=-1.5Q -=-2Q

120

\ istance from the mouth (km)

Figure 4.13: Changes in tidal asymmetry considering the higher discharge coming from the up-
stream river. The blue and red shaded area represents the ebb and flood dominant zone, respec-
tively. The dotted line represents the Sibsa channel, and the solid line represents the Pussur chan-

nel.



5 Discussion

5.1 Tidal asymmetry in the Sibsa-Pus-
sur estuary

Among various tidal asymmetry types, tidal
asymmetry of the vertical tide (tidal duration
asymmetry) and tidal asymmetry of the horizon-
tal tide (peak current asymmetry) are deter-
mined here. The vertical tide's amplitude ratio
shows that significant changes are around
65km at the Sibsa channel and 58km at the
Pussur channel (Figure 4.6). Figure 4.5 shows
that M2 tide is amplified in both channels, but
there is a drop in amplitude ration (M4/M2). This
means the M2 is suddenly increased in those
points. From the study area map (Figure 3.2), it
is visible that there is an interconnected river at
those points, which possibly influence the M2

amplitudes.

The horizontal tide's amplitude ratio demon-
strates many anomalies in both the Sibsa and
Pussur channel (Figure 4.9). The M2 tides also
show the same kind of peculiarity (Figure 4.8).
The river bathymetry influences the horizontal
tide (tidal current) a lot. That is why any small
changes in bathymetry have an enormous im-
pact on it. However, the morphological changes
did not consider during the model run, but the
existing bathymetry was developed based on
field measurement, considering depth, width
convergence, or divergence of the river (Figure
4.3). So, in the existing bathymetry, there are
some influences of the polderization or the
dredging operation. Figure 4.8 shows a massive
drop in M2 amplitude at around 85 km for the
Sibsa channel and around 93 km for the Pussur
channel, from where the poldered areas are
started for the respective rivers, which causes

the width convergence (Figure 3.2 & 4.3).
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The model used here only considered the inter-
tidal area until the point where no polder is pre-
sent. After that, the grid only covers the river
(Figure 3.3). This means from the poldered
point, there is no chance for river water to over-
top the embankment, which leads to amplify the
water level and exaggerated the flood domi-
nance at those points. Among these two rivers,
the Pussur shows more asymmetry than the
Sibsa river (Figure 4.10 & 4.11), possibly be-
cause of the combination of different anthropo-

genic work such as dredging.

It is also found that both the horizontal tide and
vertical tide are becoming flood dominant for
both the rivers (Sibsa and Pussur) (Figure 4.10
& 4.11). The relative phase differences of verti-
cal tides show smoother outliers, whereas the
relative phase differences of horizontal tides
show peculiar outliers over the landward direc-
tion. Because the horizontal tides (tidal cur-
rents) are far more sensitive to river geometry
and river discharge than the vertical tide (tidal
water level). In both cases, the phase differ-
ences are becoming symmetric initially (land-
ward direction), going through the Sundarbans
region. This region is represented as less influ-
enced by anthropogenic work (no presence of
polder). After entering the poldered area or
dredged influenced area, it becomes the maxi-
mum flood dominant asymmetry (Figure 4.10 &
4.11), representing an apparent influence of an-

thropogenic work on these two rivers.

Among the Sibsa and Pussur river, Sibsa shows
symmetric till the 60km of distance from the
ocean mouth. Then it is gradually becoming
flood dominant. On the contrary, the Pussur
river becomes flood dominant after 45 km and

reached maximum flood dominant asymmetry



at 60 km. From 60 to 90 km, it stayed at the
maximum flood dominant asymmetry phase,
where in reality, all the anthropogenic activities
(the mongla seaport, dredging operation, pol-
derization) are present. So, possibly the anthro-
pogenic activity influences the Sibsa river to be-
come more flood dominant asymmetry than the
Sibsa river. Due to the Mongla seaport, the Pus-
sur channel is always going thorough the dredg-
ing operation for maintaining the navigability for
the ships. Still, the depth of Pussur is lower than
the Sibsa river (Figure 3.3 & 4.3), which indi-
cates that the Pussur is more affected by the
sedimentation problem than the Sibsa. Though
in this study, no morphological changes are
considered during the model run, but in future,
further study considering dynamic morphology
will help to understand the impact of dredging

work more accurately.

5.2 Impact of tidal asymmetry on sed-
iment transport.

As mentioned before, the SP estuary is facing
sedimentation problems. Naturally, this system
is connected to lots of peripheral rivers. How-
ever, in recent time these peripheral rivers are
rapidly filling in and/or losing their navigability.
Wilson et al., (2017) show that 16 km of chan-
nels still annually close over the whole GBM
delta, and 98% of this change is happening in
the poldered area where only 2% closing oc-

curred in the natural system (Sundarbans area).

The results and previous discussion show that
most of the places of the SP estuary become
flood dominant over time. Hoitink et al., (2017)
show that in tide dominant delta, due to the
flood dominance tidal asymmetry, inland sedi-
ment transport dominants over the sediment
with the river discharge and tide enhance sea-
ward sediments, which causes the sediment ac-

cumulation in deltas. Bricheno et al., (2016)
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classified the western part of the GBM delta as
a Macro tidal (tidal range > 4 m) area. So, as a
tide dominating delta, this sediment transport
phenomenon due to flood dominance asym-
metry can cause the SP estuary sedimentation
problem. On the contrary, ebb dominance can

causes erosion as well.

The depth of the Sibsa and Pussur channel has
an enormous impact on tidal propagation and
its velocity. Between the Sibsa and Pussur
channel, Sibsa is deeper than the Pussur (Fig-
ure: 3.3 & 4.3). During both ebb and flood cur-
rent, the Sibsa channel velocity is much higher
than the Pussur channel velocity (Figure 5.1).
According to the sediment transport theory,
sediment will transport from the sea to the land
during the flood current, and the opposite phe-
nomenon will happen during the ebb current.
Now, if both the currents become the same,
then an equilibrium situation will be present
there. This means no sedimentation or erosion
will occur. However, any distortion between
these two current will cause either sedimenta-
tion or erosion. If the flood current shows more
velocity than the ebb current, then the relatively
low velocity allows them to settle down the sed-
iment and causes sedimentation. The opposite

phenomena will cause erosion.

In the SP system, the flood current shows more
velocity than the ebb current (Figure 5.1), which
causes the sedimentation, except for some por-
tion of the Sibsa river (around 20 km), where
ebb dominance is present (Figure 4.10) and can
cause erosion. However, the overall SP estuary
faces the sedimentation problem. It changes the
SP estuary's morphology, which leads to the
flood dominant tidal asymmetry. Again, this tidal
asymmetry causes the sedimentation problem.
So, this whole positive feedback loop makes the

problem even worse.
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b) Ebb Current
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Figure 5.1: Velocity profile of SP estuary during the a) flood and b) ebb current flow.

5.3 Impact of river discharges on tidal
duration asymmetry.

Diversion of water by the Farakka barrage re-
duce the upstream river discharge of the SP es-
tuary. So, it is important to see the impact of
river discharge on the system's tidal asym-
metry. From the result of hypothetical increased
discharged, it is found that both the Sibsa and
Pussur channel has become more symmetric
than the present time (Figure 4.13). This means
that closure of the Farraka barrage decreased
discharge towards the SP system, resulting in
an increase in flood dominant conditions, which

can lead to an increased import of sediment and

may contribute to the observed increase in

channel siltation in the SP system.

The temporal variation of tidal asymmetry (both

vertical and horizontal) also represents the im-
pact of discharge on the tidal asymmetry. As
mentioned earlier, 1988 was the wettest year,
so it represented the high discharge year. On
the other side, 2000 was a comparatively dry
year, which means less discharge comes from
upstream. From the results (Figure 4.10 &
4.11), it is difficult to differentiate between 1988
and 2000. However, with higher discharge, the
year 1988 shows weaker flood asymmetry than
the year 2000.



6 Conclusions

A harmonic analysis method is applied to exam-
ine the spatiotemporal evolution of tidal asym-
metry in the Sibsa-Pussur (SP) estuary of the
GBM delta. The required data is generated us-
ing a hydrodynamic model (Delft-3D) for the
year 1978, 1988, 2000 and 2011. The eight
main tidal constituents (M2, M4, M6, K1, S2,
01, MS4, MSf) are considered for data analysis.
The tidal duration asymmetry (as tidal asym-
metry of the vertical tide) and peak current
asymmetry (as tidal asymmetry of the horizontal
tide) are determined here. The results quantify
the tidal asymmetry based on the amplitude ra-
tio (ams/amz2) and phase difference (26m2 — Bma).
The morphological effects are assessed based
on the response of tidal asymmetry to varying
river discharge and downstream boundary con-
ditions (changing WL), with the following main

findings:

1) Despite some anomalies in the peak current
asymmetry, most parts of the Sibsa-Pussur
system are flood dominant. Tidal asymmetry
changes are slightly symmetric, followed by

dominant

maximum  flood asymmetry

2)

3)
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towards the delta's landward direction under
the substantial effect of nonlinear interac-
tions. The M2 and M4 amplitudes are found
more dominant among the other semi-diur-
nal tides and overtides, respectively. Tem-
poral variation in the tidal asymmetry is
found very little, considering the hydrody-
namical changes only.

Compare to the Sibsa; the Pussur channel is
more flood dominant. The Sibsa channel
shows more symmetrical behaviours,
whereas the Pussur channel mostly shows
maximum flood dominant asymmetry. The
influence of anthropogenic activities on the
Pussur system is more significant than the
Sibsa system.

Changing the river discharge plays a signifi-
cant role in determining the tidal regime of
the SP estuary. This effect also has sea-
sonal variability. With increasing discharge,
flood dominant tidal asymmetry is weaker,
and the system becomes more symmetric
than the present reduced discharge situa-

tion.
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