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Abstract: The Ganges-Brahmaputra-Meghna delta, located in the southern part of Bangladesh, is
periodically exposed to severe tropical cyclones. It is estimated that two-fifths of the world’s total
impact from tropical-cyclone-induced storm surges occur in this region, and these cause fatalities and
economic losses every year. A barotropic numerical 3D model is used to investigate wave dynamics
during a cyclone-induced storm-surge event. The model is calibrated and validated for Cyclone Sidr
(2007) and applied to ten idealized cyclonic scenarios. Numerical experiments with different coupling
configurations are performed to understand wave–current interactions on significant wave heights.
Results show that the water level is the dominant factor in significant wave height modulation when
the wave propagates into shallower regions from the deeper ocean, whereas the current modulates
the deep ocean wave height. The WCI causes higher significant wave heights in shallower waters
close to the coast compared with the deep ocean. Wave energy dissipation related to whitecapping
processes plays a greater role in reducing the wave height nearshore than the dissipation due to
depth-induced breaking and bottom friction in the GBMD during a cyclone-induced storm-surge
event.

Keywords: wave-current interaction; storm surge; waves; cyclone; ocean modelling; Ganges-
Brahmaputra-Meghna delta

1. Introduction

Wind waves, storm surges, and the ocean circulation all play important roles in pro-
ducing variations in coastal waters. Several nonlinear interaction processes including
tide–surge interaction and wave–current interaction modulate surface water elevation in
both shallow and deep ocean regions. Water levels and currents have a complex influ-
ence on wave height through distinct physical processes. The wave–current interaction
mechanisms generally consist of wave–current bottom stress, wave radiation stress, wave
dissipation, vertical transfer to the mean moment equation (known as form drag), Stokes
drift velocities, current advection, and refraction of wave energy [1–3]. A numerical study
on the Irish sea demonstrates that considering the wave–current interactions in model simu-
lations generates 20% larger high-water wave heights in some regions [4]. Significant wave
height in shallow regions is strongly modulated by time-varying water depth [5–8]. How-
ever, other groups of researchers attributed the modulation to the current variation [9–12].
Furthermore, ocean currents accelerate or decelerate the energy transfer from surface
winds to surface waves outside the estuary based on the orientation of the current and
the waves [11,13,14]. Song et al. [15] applied a Delft3D wave–current coupled model to
the southwestern Bohai Bay, China, to estimate the local wave–current interactions during
extreme weathers. The results indicate that both tidally varying depth and current are able
to modulate significant wave height (SWH), and their modulating abilities are increased
and decreased onshore, respectively.

J. Mar. Sci. Eng. 2023, 11, 298. https://doi.org/10.3390/jmse11020298 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse11020298
https://doi.org/10.3390/jmse11020298
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-1774-6189
https://orcid.org/0000-0002-9809-0037
https://doi.org/10.3390/jmse11020298
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11020298?type=check_update&version=1


J. Mar. Sci. Eng. 2023, 11, 298 2 of 15

The physical environment of the coastal regions is modulated by the mutual interaction
between physical processes, such as tides, waves, and currents [16]. The wave–current inter-
actions during extreme weather conditions (e.g., tropical cyclones and storm surges) have
attracted significant interest within the ocean modeling community in recent years [8,17–20].
It is concluded that the storm surge, tides, and currents will have a significant effect on
the wavefield when their strengths are sufficient to interact [20]. The current can influence
the wave by modifying the wave characteristics through refraction, bottom friction, and
blocking [21]. The depth felt by the waves also changes with variations in water level in
the coastal region, thereby modifying the shallow-water effects on the waves [22].

The Ganges-Brahmaputra-Meghna delta (GBMD, Figure 1), located in the southern
part of Bangladesh, is periodically exposed to severe tropical cyclones. It is estimated that
two-fifths of the world’s total impact from tropical-cyclone-induced storm surges occur in
this region, and these cause fatalities and economic losses every year. The current study
aims to address the role of the wave–current interaction in the modulation of wave fields at
the GBMD during cyclonic conditions. The rest of the paper is organized as follows: The
model and methodology are described in Section 2. Results are presented and discussed in
Section 3, and a summary and conclusion from the study are provided in Section 4.
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2. Methodology

A numerical model based on Delft3D with the Delft3D-Wave (based on third genera-
tion spectral wave model SWAN) model is used to simulate the cyclone-induced storm-
surge event in the GBMD [21,23]. The Delft3D-Wave model is termed as the WAVE model
hereafter. The model is calibrated and validated based on available data during Cyclone
Sidr. Several idealized scenarios are then designed and analyzed to investigate the effects of
the wave–current interaction on wave dynamics, including wave heights and dissipations.
Details of the model setup, model validation, and wave–current interaction processes are
discussed in Part 1 of this paper [24]. The model domain and study area with field stations
are shown in Figure 1.

2.1. Numerical Model Delft3D-Wave
2.1.1. Wave Kinematics

The WAVE model uses the linear wave theory and the conversion of wave crests
to estimate wave kinematics. This linear theory for uniform surface gravity waves is
valid provided that the waves are propagating over slowly varying current and water
depth [25,26]. The WAVE model estimates the wave propagation velocities of wave energy
in geographical (cx, cy) and spectral space (cσ, cθ) from the kinematics of wave trains by the
following equations [26]:
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where
→
c g denotes the group velocity,

→
k is the wave number vector, d is the water depth, s is

the space coordinate in the wave propagation direction of θ, and m is a coordinate normal
to s. Here,

→
u represents the current vector and is assumed to be uniform in the vertical

direction; consequently, the depth-averaged current is used in this study.
It is important to point out that the temporal and spatial gradient of the water depth

and current can influence the wave propagation velocities (cx, cy, cσ, cθ). The presence
of current flow results in Doppler shifting of the relative radian frequency σ (in a frame
of reference moving with current) and become the absolute radian frequency ω (i.e., the
observed frequency, in a frame of reference fixed on ground) based on Equation (4) [15].
Thus, the resulting absolute frequency ω modifies the wave number k via the dispersion
relation of Equation (5) (achieved by replacing the relative frequency σ in Equation (5) with
the absolute frequency ω), leading to a change in the wave energy flux [11]. A change of
water depth, in contrast, does not modify the wave frequency, i.e., the absolute frequency
ω equals to the relative frequency σ.

ω = σ +
→
k ·→u (4)

σ2 = gktanh(kd) (5)

2.1.2. Spectral Action Balance Equation

The WAVE model considers the action density spectrum N(σ, θ) (= E(σ, θ)/σ), which
may vary in time and space. The evolution of the wave spectrum by following the spectral
balance equation for Cartesian coordinates is described as [27–29]:



J. Mar. Sci. Eng. 2023, 11, 298 4 of 15
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=
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(6)

Stot = Sin + Snl3 + Snl4 + Sds,w + Sds,b + Sds,bk (7)

The first term on the left-hand side of Equation (6) represents the local change rate of
wave action density in time. In the same equation, the second and third terms express the
propagation of action in geographical space (x, y), including depth- and current-induced
straining, also known as shoaling, and mean current advection (or current-induced con-
vergence), respectively. The shifting of the relative frequency σ and the refraction during
propagation θ in spectral space (σ, θ) are represented by the fourth and fifth terms, respec-
tively, which jointly reflect the redistribution of energy density over the spectrum [9,15,30].
Equations (1)–(7) are concurrently solved in the WAVE model.

The variable Stot on the right-hand side of the Equation (6) represents the sum of source–
sink (see Equation (7)) resulting from the interaction of physical process such as wind–wave
generation Sin, the nonlinear transfer of wave energy through wave–wave interactions
(triads Snl3 and quadruplets Snl4), and the energy dissipation caused by whitecapping Sds,w,
bottom friction Sds,b, and depth-induced breaking Sds,bk.

2.1.3. Depth-Induced Wave Breaking

Sea level determines the maximum wave height beyond which the waves start to
break [6]. In the WAVE model, the process of energy dissipation caused by depth-induced
wave breaking mimics the breaking of a bore applied to random waves [31]:

Sds,bk(σ, θ) =
Dtot

Etot
E(σ, θ) (8)

where Dtot = −αBJQb σmeanHmax
2 (8π)−1 represents the mean rate of energy dissipa-

tion per unit horizontal area due to wave breaking, αBJ = 1, σmean = mean frequency,
Qb = fraction of breaking waves, and Hmax = γd is the maximum wave height that can
exist at the given depth d where γ is the breaker parameter (set to 0.73). Etot is the total
wave energy integrated over all directions and frequencies.

It is important to note that, during a surge event, the water depth increases while the
fraction of breaking waves is reduced. This results in moving the breaking zone towards
the coast and increasing the wave heights in coastal areas [6].

2.1.4. Whitecapping

Energy dissipation due to whitecapping in the WAVE model is represented by the
pulse-based model of Hasselmann (1974):

Sds,w(σ, θ) = −T σmean
k

kmean
E(σ, θ) (9)

where kmean = mean wave number and T = coefficient depending on the overall wave
steepness [32]. When currents and waves are in opposite directions, the waves experience
enhanced whitecapping because the wave number and wave steepness increase with the
opposing current.

2.1.5. Bottom Friction

The energy dissipation due to bottom friction in the WAVE model is expressed by
means of the JONSWAP empirical model [27].

Sds,b(σ, θ) = −Cb
σ2

g2sinh2(kd)
E(σ, θ) (10)

where Cb = 0.038 m2 s−3 is the bottom friction coefficient [32].
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As the surface currents affect the spectral wave energy, the bottom friction will also
change. Bottom friction will increase with increasing wave energy, for example, in the case
of an opposing current [6].

2.2. Description of Scenarios

Scenarios to investigate different physical processes related to cyclone-induced storm-
surge events are designed by modifying the model setup and boundary forcings. Ten
sensitivity scenarios are designed to address the role of different factors, including wave–
current interactions, in the generation of storm surge height during a cyclonic event. To
reduce the computational time, the sensitivity simulations (except the control run, Run 1)
are run for just the last four days of the Cyclone Sidr period (13–16 November 2007).
The simulation period covers the time from two days prior to landfall until the cyclone
dissipated at 0000 UTC 16 November 2007.

Two scenarios, including the control run, are designed to assess the effects of wave–
current interaction in wave generation during Cyclone Sidr (Table 1). A two-way coupled
model considering all the boundary forcings, including tide, wind, atmospheric pressure,
wave, and river discharge, is calibrated and validated to produce the most realistic recre-
ation of Cyclone Sidr (Run 1). Run 2 is uncoupled and considers only the wave. The
remaining 9 scenarios are introduced in the related sections later.

Table 1. Scenario details to investigate influence of wave–current interaction in cyclone-induced
storm surge height. * Note: Run 2 also represents WAVE one-way coupled to FLOW to simulate the
wave-driven current.

Run Name Simulation Description Coupling Method

Run 1 Control run
(WCI) FLOW and WAVE simulation Two-way

Run 2 * Wave only
(Only wave, OWC) WAVE simulation One-way

(WAVE to FLOW)

Run 3 Wave only
(WL + Cu to Wv)

WAVE simulation using water level and current
from Run 5

Run 4 Wave only
(WL to Wv) WAVE simulation using water level from Run 5 One-way

(FLOW to WAVE)

Run 5 Wave only
(Cu to Wv) WAVE simulation using current from Run 5

3. Result and Discussions
3.1. Effects of Wave–Current Interaction on Significant Wave Height

During cyclonic events, waves create significant impacts over the whole continental
shelf and Bangladesh coast [33]. Cyclonic events generate higher wave height variations in
the shallow compared with deep ocean regions due to the strong wind field. During the
propagation of the wind-driven waves from the deep ocean to shallower areas, the magni-
tude of the wave height is modified through wave–current interactions, wave dissipation
by bottom friction, whitecapping, and depth-induced breaking. The results of the ‘WCI’
(Run 1) and ‘Only Wave’ (Run 2) scenarios at stations across the GBMD are presented in
Figure 2 to investigate the effects of the wave–current interactions on the waves. Including
the effect of the wave–current interactions on waves produces a comparatively higher SWH
than including only wind-driven waves at all the stations except Tajumuddin. The highest
increase of SWH (1.19 m) is observed at D1, and the highest decrease of SWH is observed
at Tajumuddin (−0.36 m) due to the wave–current interaction. Near to the landfall location
(Khepupara), the SWH is increased by 59% (1.07 m) due to the wave–current interaction.
The stations located on the right side of the track within the highest winds in the inner core
at landfall (Khepupara, Galachipa and D1) have the highest percentages of change (more
than 40%) in SWH from the wave–current interaction. Neglecting the mutual influence of
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waves and current on each other can cause an underestimation of the SWH by 1.2 m during
a Sidr-like storm-surge event in the GBMD.
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3.2. Influence of Effective Wind Stress on SWH

The ‘WCI’ (Run 1) scenario produces a higher SWH compared to the ‘Only Wave’
(Run 2 in Table 1) scenario. Both the scenarios are conducted by applying the same wind
field and considered all the wave dissipation processes. The only difference concerns the
influence of the current and water level variations in the ‘WCI’ (Run 1) scenario. The
results show that the generation of the wind–wave is increased in the ‘WCI’ scenario for all
stations. The effective wind determines the wind–wave growth, i.e., the relative wind effect
(defined as the vectorial difference between the wind vector and current vector [30]). To
investigate the increase in the SWH in the ‘WCI’ (Run 1) scenario further, the amplitude and
direction of the current and wind are examined at three different stations: Khepupara, D2,
and Tajumuddin (Figure 3). The wave-driven current is computed from the ‘OWC’ (Only
Wave-driven, Run 2 in Table 1) scenario. The same wind field as the ‘WCI’ (Run 1 in Table 1)
scenario is used to produce the wind–wave. Figure 3a shows that the current direction is in
the opposite direction to the wind direction in the ‘WCI’ (Run 1) scenario at Khepupara,
whereas both the current and wind are in the same direction in the ‘OWC’ (Run 2) scenario.
The ‘WCI’ (Run 1) scenario produces a 1.6 m s−1 higher magnitude of surface current
than the ‘OWC’ scenario (Figure 3d) with a correspondingly higher effective wind stress at
Khepupara. This higher effective wind stress produced by the wind–current interaction
produces a higher SWH than the ‘Only Wave’ (Run 2) in Figure 2. Conversely, the ‘WCI’
(Run 1) scenario generates a higher magnitude of surface current at D2, but both the current
and wind direction are almost in the same direction (Figure 3b,e). The current and wind
direction are also in the same direction at Tajumuddin for both the scenarios during the
strong-wind period (>20 m s−1). Similar directions of the current and the wind reduce
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the effective wind stress magnitude, which causes a lower generation of wind-driven
waves [30]. When the current and winds are in opposite directions, it produces a higher
effective wind stress, which increases wind–wave generation (Sin in Equation (7)). This
illustrates that the WCI can generate higher amplitude waves by modifying the effective
wind stress by changing the current direction with respect to the wind direction. Therefore,
the ‘WCI’ (Run 1) scenario generates a higher SWH than the ‘Only Wave’ (Run 2) scenario
at Khepupara. Further influence of the current and wave direction on the SWH is discussed
in the next section.
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3.3. Influence of Water Level, Current, and Wave Direction on SWH

Three additional one-way model experiments (Run 3–5 in Table 1) are conducted
to investigate the sensitivity of the SWH variations with the water level and current
variations. To study the combined influence of the water level and current variations,
the ‘WL + Cu to Wv’ (Run 3) scenario is conducted, where the water level and current
variations can influence waves using one-way coupling. Similarly, the individual influence
of the water level and the current is investigated by running ‘WL to Wv’ (Run 4) and ‘Cu to
Wv’ (Run 5 in Table 1), respectively. The variations of the SWH under different forcings are
presented in Figure 4. The ‘WCI’ (Run 1) scenario generates the highest amplitude of SWH
at Khepupara, whereas the highest SWH at Tajumuddin is observed in the ‘WL to Wv’
(Run 4). Minimum amplitudes of SWH at all stations are observed in ‘Cu to Wv’ (Run 5),
except at station D2. In ‘Cu to Wv’ (Run 5), the cyclone-induced storm surge height and
tidal water level variations are ignored. Therefore, the wave dissipation in ‘Cu to Wv’
(Run 5) should be more affected by depth-induced breaking and bottom friction compared
to the other experiments due to water depth changes. When the depth is the greatest (at
D2), ‘Cu to Wv’ (Run 5) produces approximately the same magnitude of SWH compared
to all other experiments. Thus, depth-induced breaking and bed friction do not affect the
waves at D2. Stations that are located in shallow waters (Khepupara (<10 m), Tajumuddin
(<25 m) and D1 (<15 m)) compared to D2, have a higher SWH produced by the ‘WL to
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Wv’ (Run 4) compared with the ‘Only wave’ (Run 2, which is the only wind-driven wave)
because the effect of bed friction and depth-induced breaking on the wave is reduced.
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However, there are other differences among these three stations. At Tajumuddin,
‘WL + Cu to Wv’ (Run 3), ‘Cu to Wv’ (Run 5 in Table 1), and ‘WCI’ (Run 1 in Table 1) gener-
ate the same maximum SWH, with Run 3 and Run 5 being almost exactly the same. This
indicates that the current plays a dominant role over the water level in the modulation of
the SWH at Tajumuddin if the wave–current interaction is included. Conversely, the ‘WL to
Wv’ (Run 4) produces a similar SWH variation with ‘WL + Cu to Wv’ (Run 3) at Khepupara,
suggesting that the water level plays a dominant role in the wave–current interaction.

The high and low magnitudes of the SWH are found in the WCI scenario compared to
other scenarios at Khepupara and Tajumuddin, respectively. As discussed in the previous
section, the increased/decreased effective wind stress from the opposite/same direction
of wind and current causes these high and low magnitudes of the SWH at Khepupara
and Tajumuddin, respectively. Moreover, from the kinematics in spatial and spectral space
(Equations (1)–(3)), it is evident that the second and third left-side terms will be smaller in
Equation (6) when the waves and currents are propagating in opposite directions. This will
result in an increase in the wave energy and, therefore, also in the wave height. With waves
and currents propagating in the same direction, the effect is reversed [6]. At Khepupara,
the wave and current are in opposite directions in the WCI, whereas both are in the same
directions at Tajumuddin. Thus, the wave–current interaction at Khepupara generates a
higher SWH than the other scenarios. As the current and the wave are propagating more
or less in the same direction (Figure 3c), this results in a decrease of the SWH (0.4 m) at
Tajumuddin in the wave–current interaction scenario compared to the only-wave scenario.
The similar variations of the SWH are also observed at D2. The order of influence of the
current, water level, and wave–current interaction on the SWH modulation is the same at
Khepupara and D1. Finally, the results illustrate that the current plays a dominant role
in the modulation of the SWH over the water level in the deep ocean and deeper areas
such as Tajumuddin (<25 m). The water level becomes the dominant factor when the wave
propagates towards the shallower region from the deeper ocean. The influence of the
wave–current interaction on the SWH modulation depends not only on the current and
wind direction but also on the wave and current direction and water level.
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3.4. Wave Dissipation

The presence of a shallow continental shelf and the ‘Swatch of no ground’ (a sub-
merged canyon < 1500 m) causes wave energy dissipation 60–80 km from the coastline. The
strong dissipation of the wave energy results in a lower magnitude of wave height (<2 m)
at the coast. The tidal water level variations will also modulate the wave height in the
shallow region near the coast. To study the wave dissipation processes with and without
the wave–current interaction conditions, six additional model experiments (Run 6–11) are
conducted by considering the individual dissipation term of Equation (7) in the WAVE
model. The experiment details are described in Table 2.

Table 2. Scenario details to investigate different wave dissipation processes.

Model
Setup Run Name Description

With WCI
Run 6 Control run (Run 1) considering only depth-induced breaking
Run 7 Control run (Run 1) considering only whitecapping
Run 8 Control run (Run 1) considering only bottom friction

Only Wave
Run 9 WAVE simulation (Run 2) considering only depth-induced breaking

Run 10 WAVE simulation (Run 2) considering only whitecapping
Run 11 WAVE simulation (Run 2) considering only bottom friction

The maximum amplitudes of the SWH and wave energy dissipation at Khepupara
are presented in Figure 5 without the wave–current interaction (‘Only wave’ (Run 2)
in Figure 5) and with the wave–current interaction (‘WCI’ (Run 1) in Figure 5). The
timing of the maximum amplitudes of the SWH varies based on wave energy input and
dissipation factors such as the timing of the maximum wind and current direction and
the total water level (see next section). Results show that the whitecapping process is
dominant among all the wave dissipation terms for both conditions at Khepupara. The
whitecapping term is represented by the pulse-based model of Hasselmann [28] in the
WAVE model, which is directly proportional to the wave steepness [33]. During the
opposing current, there is increased whitecapping of the waves because the wave number
and wave steepness increase due to the opposing current. Consequently, the opposite
directions of current and wave increase the wave height by increasing the wave energy, as
discussed in Section 3.3. In the ‘WCI’ (Run 1) simulation, the current and the wind are in
opposite directions at Khepupara. As the wind–wave follows the wind direction, the wave
propagates in the opposite direction to the current at Khepupara. Therefore, the maximum
wave dissipation related to whitecapping is more than doubled when the wave–current
interaction is included. The dissipation due to bottom friction is small for both scenarios
because, with higher water levels, bottom friction is reduced, resulting in the highest SWH
when only this term is considered.

Thus, the higher amplitudes of the maximum SWH and wave energy dissipation
at Khepupara result from increased effective wind stress and increased wave steepness,
respectively. The opposite directions of current and wind increase the effective wind
stress, which results in higher generation of wind-driven waves. Conversely, the opposite
directions of waves and current increase the wave energy and also result in increased wave
steepness. Higher wave energy causes a higher magnitude of wave energy dissipation
(due to the wave energy term in all the dissipation equations, Equation (10)). Finally,
the dissipation related to the whitecapping term in Equation (7) is more sensitive than
the dissipations related to the depth-induced breaking and the bottom friction during a
cyclone-induced storm-surge event at Khepupara. The wave–current interaction plays a
significant role in estimating wave energy dissipation and significant wave height.

To further quantify the WCI influence on the SWH modulation, the maximum SWH
variations along the GBMD are plotted for different wave dissipation conditions for the
‘Only Wave’ and ‘WCI’ scenarios (Run 6–11 in Table 2) in Figure 6. Results demonstrate that
the WCI increases the SWH magnitude at all stations except Tajumuddin and D2. When



J. Mar. Sci. Eng. 2023, 11, 298 10 of 15

only the depth-induced breaking is included (Run 6 and Run 9), the SWH magnitudes are
increased up to 50% in the shallow regions in the WCI condition compared to the ‘Only
Wave’ condition (Figure 6a). It indicates that the depth-induced wave breaking in shallow
regions might be reduced due to the higher water level and variations in currents relative
to the “Only Wave”, except at Khepupara, where the effective wind stress resulting from
opposite direction of wind and current causes higher wave height in the WCI than the
Only Wave scenario. When only whitecapping dissipation is allowed (Run 7 and Run 10),
then the WCI causes a maximum change in the SWH in shallow regions where the current
and wind are in opposite directions (Figure 6b). When only bottom friction dissipation
is allowed (Run 8 and Run 11), then WCI also produces a higher change in the SWH in
shallow regions compared to the ‘Only Wave’ condition (Figure 6c). The ‘whitecapping’
dissipation produces the closest maximum SWH variations to the realistic case (Figure 6d).
This suggests that dissipation related to whitecapping plays a dominant role among the
three dissipation terms during the cyclone-induced storm-surge event. Furthermore, the
wave–current interaction causes a higher SWH modulation in shallow regions (−50 to
50 km from Khepupara) compared with in the deep ocean (beyond 50 km from the coast),
and the wave energy dissipation is one of the key factors affecting the SWH variations in
those deep-ocean regions. As a result, the increase of the wave energy dissipation in the
WCI runs reduced the SWH growth rate, as in Equations (6) and (7), and the timing of
the maximum SWH is delayed by 1 h at all the stations except Galachipa (Figure 6d). At
Tajumuddin, the time delay of the maximum SWH is probably caused by a reduced wave
energy input due to a reduced effective wind stress and a decreased SWH, as discussed in
Section 3.3.
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3.5. Model Limitations and Uncertainties

One of the major challenges in studying complex nonlinear hydrodynamic processes
in the GBMD, including the wave–current interaction, is the lack of field observations.
There is no wave buoy station near the Bangladesh coast. Moreover, all the water level
monitoring stations in the coastal area are in the shallow regions. Some of these stations
are automated, and some require manual reading. During Cyclone Sidr, the Khepupara
and Hironpoint stations stopped working and clearly missed the peak of the surge height.
The availability of field data, including uncertainty during cyclones in the GBMD, is
discussed in detail by Chiu and Small [34]. Due to the lack of high-quality water level
records during cyclones, it is very common that trade-offs between parameters do exist
in storm-surge models. For example, the maximum water level at one tide-gauge station
could be reasonably produced by a model in which there is no wave setup, because
the wind surge is overestimated by an artificial increase of maximum wind speed or
cyclone size or increasing other parameters such as bathymetry, roughness, and drag
coefficient in the numerical model setup. In addition, the model setups do not resolve
the tide gauges located in rivers due to lack of bathymetry. Hence, the model validations
often only consist in checking the maximum magnitude of the water level in the nearest
model grid point, which is sometimes 10 km away or more from the actual tide station
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location. All these uncertainties related to the numerical modeling studies in the GBMD are
discussed by Krien et al. [33]. In the current study, the model setup resolves the coastal river
networks, including 200 km inland river networks, based on the bathymetry measurements.
However, the period of field measurements is 2007–2014, as mentioned in Part 1 of this
study. The discrepancies in bathymetry may also contribute further errors to the model
result. Furthermore, the cyclonic wind speed and atmospheric pressure drop during the
cyclone period are estimated from the JTWC best track archive by applying a parametric
relationship. Inconsistencies in cyclonic features, such as the location of the cyclonic eye,
the radius of the maximum wind, the pressure drop between the JTWC track record, and
the real case, may also contribute further errors to the model result.

To provide confidence in the model quality assessment, the model errors may be
estimated by the following. The model-simulated water level (from Run 1) variations
during Cyclone Sidr are compared with observations at Hironpoint, Khepupara, and
Chittagong (see Part 1 of this study, [24]). According to Table 2 in Part 1 of this study, the
RMSE of the water level at these stations is 0.27 m, 0.68 m, and 0.86 m, respectively. There
are few available observations of wave height in the GBMD delta, and so the model results
are compared with the ERA5 reanalysis dataset. According to Figure 3e in Part 1 of this
study, the RMSE of the SWH in the model domain reaches 1.12 m during Cyclone Sidr.

The influence of waves has been ignored in many studies [35–37] by assuming a negligi-
ble influence of the wave in the Bangladesh coast, as the GBMD is a strongly tide-dominated.
Many factors theoretically support the assumption, such as the shallow bathymetry of the
coastal area (just above 1.5 m from the mean sea level), the presence of a wide shallow
coastal shelf in the shoreline, and the deep submerged canyon, the Bengal canyon, located
200 km from the coastline. All these geographical features were discussed as the main
reasons to dissipate waves far from the coastline in previous studies. Hence, the waves
from the deep ocean have less influence on the Bangladesh coast. The aim of the current
study to emphasize the potential influence of the wind–wave on the cyclone-induced storm
surge events in the GBMD. The uncertainties discussed in the previous paragraph definitely
attribute errors in the model results in terms of the magnitude and timing of the maximum
surge height. Furthermore, the current study does not consider air–sea consideration in
terms of heat, mass flux exchange, density-driven current, sea temperature variations,
and Kelvin waves, which may affect the model results [35]. However, the present study
demonstrates the importance of considering the wave–current interactions in a coupled
way to represent real scenarios, and the model setup produced a better result compared to
recent studies (See Table 4 in Part 1 of this study, [24]). The findings of the current study
indicate that the strong cyclonic wind generated the local wind–wave has potential to
influence the magnitude and timing of the peak of the cyclone-induced storm-surge event
during extreme weather conditions such as tropical cyclones. Similar findings are also
observed in the Indian coast by different recent studies [20,38].

4. Summary and Conclusions

The findings of the current study show that including wind–wave can result in higher
significant wave heights (1.1 m higher at the Cyclone Sidr landfall location of Khepupara)
compared with only wind-driven wave model results. During Cyclone Sidr landfall, all
stations except those located in the central GBMD were in the flood phase. Therefore, the
varying wind speed and direction during Cyclone Sidr with different tidal characteristics
result in different WCI effects on the wave height variations across the GBMD. Considering
the WCI in the model simulation shows an increase (e.g., 1.07 m at Khepupara) and decrease
(e.g., 0.36 at Tajumuddin) of wave heights compared to the without-WCI model simulation.
The increase/decrease of wave heights result from the opposite/same directions of the
current and wave. In addition, the effective wind stress (vectorial difference between the
wind and current magnitude) is influenced by the WCI, which also causes the varying wind
setup across the GBMD. In addition, different current directions and magnitudes with tidal
phase variations, along with wind, also influence the wave height variation.
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The present study clearly demonstrates the importance of considering the wave–current
interactions in the study of wave dynamics during cyclone-induced storm-surge events in
the GBMD. Results illustrate that the current plays a dominant role in the modulation of
the SWH compared with the water level in both the deep-ocean and deeper coastal waters
(e.g., Tajumuddin < 25 m). However, the water level becomes the dominant factor when
the waves propagate into shallower regions (e.g., Khepupara < 10 m) from the deeper
ocean. The SWH variations are strongly influenced by the wave–current interactions in the
shallower region between 50 km landward to 50 km offshore. Whitecapping dissipation
dominates the wave dissipation processes.

Finally, the results presented in this study, particularly the influence of the wave–current
interaction on waves, are essential for understanding, modeling, and managing a vulnera-
ble estuarine system such as the Ganges-Brahmaputra-Meghna delta that is impacted by
cyclones. The established model setup can be further applied to improve disaster man-
agement plans, particularly in hazard and risk mapping, embankment height design, and
further investigating the cyclone-induced storm-surge events in the GBMD.
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