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Abstract: Salinity intrusion through the estuaries in low-lying tide-dominated deltas is a serious
threat that is expected to worsen in changing climatic conditions. This research makes a comparative
analysis on the impact of salinity intrusion due to a reduced upstream discharge, a sea level rise,
and cyclonic conditions to find which one of these event dominates the salinity intrusion. A calibrated
and validated salinity model (Delft3D) and storm surge model (Delft Dashboard) are used to simulate
the surface water salinity for different climatic conditions. Results show that the effects of the
reduced upstream discharge, a sea level rise, and cyclones cause different levels of impacts in the
Ganges-Brahmaputra-Meghna (GBM) delta along the Bangladesh coast. Reduced upstream discharge
causes an increased saltwater intrusion in the entire region. A rising sea level causes increased salinity
in the shallower coast. The cyclonic impact on saltwater intrusion is confined within the landfall
zone. These outcomes suggest that, for a tide dominated delta, if a sea level rise (SLR) or cyclone
occurred, the impact would be conditional and local. However, if the upstream discharge reduces,
the impact would be gradual and along the entire coast.

Keywords: Salinity intrusion; GBM delta; Climatic impact; Reduced discharge; Sea level rise;
Tropical Cyclone

1. Introduction

Salinity intrusion is one of the major concerns in the coastal area—especially in the low lying
deltaic region around the world—which will progressively increase due to climate change effects
like a reduced discharge, a sea level rise (SLR), and the frequent incident of cyclone events [1-4].
The Ganges-Brahmaputra-Meghna (GBM) delta is a low lying deltaic region of 14 million people where
salinity intrusion is a major problem [5]. It is still unknown how the salinity regime in the GBM delta
will respond with the changing climate when hydraulic and hydrodynamic fields change with the
changes of upstream flow, the sea level, and cyclonic events.

Surface water salinity or salinity intrusion (SI) studies have been focused on understanding the
dynamics of the intrusion process, the prediction of future dynamics, and the assessment of water quality
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and its impact on ecosystems [6-13]. The local specific behavior of estuaries has been analyzed in different
regions to identify the mechanism of SI [14-16]. Recent studies have been more focused on assessing SI by
either field observation or by numerical modeling [6,17,18]. Modeling-based approaches were applied to
examine the influence of events like river discharge, SLR, wind conditions, and meteorological parameters
like precipitation the evapotranspiration on SI; the results showed that river discharge plays an important
role in controlling SI [6,16,19-26]. These studies considered single or multiple events of SI, but they did not
do so from a comparative perspective. The same observation was noted for studies in the GBM delta as
well. A noteworthy contribution on surface water salinity modeling in the GBM delta of the Bangladesh
coast can be found in [1], where present conditions and future conditions with respect to SLR and discharge
reduction were predicted using a MIKE 11 Advection Dispersion Module. These studies described the
salinity intrusion in present and in changing climatic conditions. However, cyclone-induced salinity was
considered less important and was not incorporated while modeling the scenarios [1]. The rest of the
studies were focused on either upstream discharge [27,28] or SLR, separately or in combination [1,28-32],
which thus presented SI in a certain part or along the whole Bangladesh coast [33,34]. Akter et al. [35]
introduced the effect of the cyclone on salinity in the Bangladesh coast. Results of these studies predicted
an increasing trend of Sl in the future.

As none of the studies considered a comparative perspective of all the events together to identify
the dominant cause of 51, a fundamental unanswered question arises: “Which event can cause the most
damage for salinity hazard in a tide-dominated delta?” The present study is designed to come up with
a probable answer by conducting a comparative analysis of the climatic events (reduced discharge,
SLR, and storm surge) that are responsible for SI in the tide-dominated delta (GBM delta) and to
identify the dominant event, if any. The findings of this study will contribute to the delta management
plan and policies regarding SI in coastal areas with similar characteristics. This study used the Delft3D
hydrodynamic modeling suite incorporating flow, salinity, and storm surge modules to first describe
the present condition and then predict salinity in reduced upstream flow, SLR, and cyclonic conditions.

2. Study Area

The GBM delta (Figure 1a) is one of the world’s largest deltas, covering most of Bangladesh and
some part of India’s West Bengal [32]. The coast of Bangladesh covers an area of 47,201 km? [36].
The coastal zone of Bangladesh is delineated based on three indicators—tidal range, salinity magnitude,
and the storm surge impact caused by cyclones [37]. The delineation of the estuarine systems, model
validation locations, and the track of the tropical cyclone is shown in Figure 1b.

As topological and hydro-geomorphological characteristics are important to understand the SI process
in any delta, this section summarizes such characteristics of the GBM delta in the Bangladesh coast.
Based on geomorphologic and hydrodynamic characteristics, the coastal zone is divided into three distinct
coastal systems, namely the Eastern Estuarine System (EES), the Central Estuarine System (CES), and the
Western Estuarine System (WES) [38,39]. The EES consists of Lower Meghna, Tentulia, Lohalia, Little Feni,
and Feni in one hand and Halda, Karnafuli, Sangu, and Matamuhuri of the Chittagong region in another
hand (Figure 1b). The estuaries of the Chittagong region are flashy in nature, and tidal ranges are different
from the other part of eastern coast (Lower Meghna, Tentulia, Lohalia, Little Feni, and Feni).

The combined flow of the three mighty rivers—the Ganges, the Brahmaputra, and the Meghna
(commonly known as the GBM river systems and ranked as one of the largest river systems in the
world)—carries the freshwater flow for the coastal region of Bangladesh. The Meghna estuary is an
important estuary of the eastern coast, as the combined flow of the GBM river systems is mainly drained
out to the ocean through this estuary [40]. The Tentulia and Meghna estuaries of the EES have a maximum
width of 3-10 km and 23-25 km, respectively, near the estuary mouth, compared to other estuaries that
vary between 0.6-1.5 km. The CES consists of the Bishkhali, Baleswar, and Buriswar estuaries (Figure 1b).
In the CES, the width of the estuary near the mouth varies between 1-8 km, with the highest being in the
Baleswar estuary. The CES region is relatively shallow, and the rivers and channels flowing to the bay
change their course rapidly [41]. The CES receives its freshwater from spill channels of the Meghna estuary
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as well as through the Arial Khan River, which is mainly bifurcated from the Ganges-Brahmaputra Rivers.
The floodplain of the eastern and central coasts are mainly plain land, whereas the Chittagong region
consists of hills. It has been observed that the Lower Meghna estuary, of the eastern to the central coast,
experienced the most disastrous effects of tropical cyclones and storm surges in the world and is very
vulnerable to such events [40]. The WES consists of the interconnected estuaries of Sundarban, including
the Rupsha, Shibsa, Passur, and Malancha estuaries, as well as all other cross-connecting estuaries [38]
(Figure 1b). Rupsha and Passur have the maximum width at the estuary mouth, varying between
1-5 km [42], and other criss-cross interconnected estuaries are less than 1 km. The topography is very low
and flat here. Tide is dominant in the Passur-Shibsa river systems, and a very strong salinity intrusion
occurs there [43]. The region is also known as a stable region, as the forest (the Sundarban) covers a large
part of this estuarine system. Freshwater flow is lowest in the western coast. The Gorai River mainly
carries the fresh water in the western region from the Ganges River. However, the freshwater flow of the
Gorai has been decreasing significantly over the years, especially during the dry season due to the Farakka
barrage, a barrage across the Ganges River in India (Figure 1a) [44].

The coastline of Bangladesh is characterized by a wide continental shelf, especially at the eastern
part. Tidal levels are amplified by the combined effect of wind force and the shape of the continental
shelf [43]. The flow distribution in the study area was determined by the combined action of tides and
freshwater flow. Tides in the coastal and estuarine areas of Bangladesh are semi-diurnal in nature [43].
Flierl et al. [45] found that the inland and offshore islands of Bangladesh are low lying and very flat,
and their mean height above sea level is less than 3 m. The normal tidal range is about 3 m near the
Indian border in the west, and it gradually becomes higher to the east (central coast) to about 5m in
the mouth of the Meghna estuary [43] before decreasing south-eastward [46]. River salinity in the
estuaries of the Bangladesh coast varies seasonally and has been observed to be high in the dry season
and low in the monsoon season [1,29].
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Figure 1. (a) Ganges-Brahmaputra-Meghna (GBM) basins, the GBM delta, and the location of the
Farakka barrage. (b) The study area with observed stations and calibration/validation locations. (c) The

upstream and downstream boundaries of the model domain.
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3. Methodology

The Delft3D open-source hydrodynamic and salt-transport model was selected to simulate salinity
transport in estuaries, as itis a widely-used open source numerical modeling system [47,48]. The Delft3D
depth average model solves the continuity and momentum equations for an incompressible fluid,
adopts a structured grid, and performs the spatial discretization of the equations using a cell-centered
finite difference method [49,50]. For this study, variable grid sizes were chosen in estuaries and oceans
in such a way so that a finer resolution (186-243 m) lied in the inland and in the estuarine system that
covers the study area satisfactorily, whereas a coarser resolution (1100-1700 m) was used in the ocean.
Measured discharges upstream in the Ganges, Brahmaputra, and Meghna rivers and tidal water levels
in the ocean were specified as upstream and downstream boundaries (Figure 1c). Measured discharge
data were collected from the Bangladesh Water Development Board (BWDB) for the year of 2011 (a dry
year which is considered a base year for this study). The downstream tidal water level boundaries
for 2011 were specified by using the global ocean tide model ‘NAO-tide’ that used the Nao 99b tidal
prediction system considering 16 major tidal constituents [27,51]. The bathymetry of the Bay of Bengal
was generated using the open-access bathymetry data produced by the General Bathymetric Chart
of the Oceans (GEBCO). The inland ground elevation data were collected from the Water Resources
Planning Organization of Bangladesh (WARPO) [29]. The measured cross-sectional data for each of
the estuary in the estuarine systems of the GBM delta at selected locations were surveyed by the ESPA
delta (http://www.espa.ac.uk) and DECCMA (www.deccma.com) projects. For the salinity model,
a constant sea salinity of 35 ppt for the Bay of Bengal [38] was specified as a sea boundary condition,
and a constant sea salinity of 0 ppt for fresh water was specified for the upstream condition. For the
cyclone-generated storm surge model, SIDR (made landfall in the central coast, 2007) was selected,
as this cyclone is representative of a high-intensity cyclone, as well as landfall time synchronized
with a typical maximum salinity period. An SIDR track was collected from the Indian Meteorological
Department (www.imd.gov.in). This research used a ‘generated’ SIDR scenario by changing the landfall
time (the actual SIDR landfall was on 15 November; the usual cyclone season in the Bangladesh coast
is April-May and October-November) of SIDR to be in the maximum salinity period, i.e., April 15.
The wind and pressure field of cyclone SIDR was generated by using the Delft Dashboard, which
was coupled with salinity model (through the Delft3D interface). The simulation period for salinity
intrusion coupled with the storm surge model was two years, from which the one year’s simulation
result was used to attain a stable initial condition for the second year’s simulation. The time step used
in the model simulation was 10 minutes.

3.1. Model Calibration and Validation

The measured time series’ salinity magnitude data were discontinuous, and observed salinity
stations did not cover the whole coast uniformly. Hence, comparison of time series of salinity
magnitude between model simulation and measurement was not possible. Measured tidal water
level data were available in specific locations from the Bangladesh Inland Water Transport Authority
(BIWTA). From this study perspective, three water level measurement locations representing three
estuarine systems along the coast were initially selected, and data were collected from the BIWTA.
However, due to poor data quality and unclear data [52], only one station was selected to compare the
model simulated water level with measurements. The locations of salinity measurement stations and
the only water level measurement station, which were used for model calibration/validation, is shown
in Figure 1b.

To identify the sensitivity of the model, Principal Component Analysis (PCA) was conducted
using water level, velocity (as a proxy to tidal excursion), roughness, and eddy diffusivity as input
parameters. PCA gives a correlation matrix that identifies the principal components for a system [53].
The Pearson correlation coefficient was used to find the correlation matrix from which weights of the
parameters were found that describe how much an indicator can explain a component vector [53].
The maximum weight of an indicator implies the highest sensitivity. From the PCA analysis, it was
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found that flow parameters (roughness and velocity) are the most sensitive parameters for the eastern
and western coasts, whereas the transport parameter (eddy diffusivity) is the most sensitive for the
central coast (Table 1).

Table 1. Results of Principal Component Analysis.

Parameter WES CES EES
Roughness 0.62 0.56 0.75*
Eddy diffusivity (m?/s) 0.53 0.83* 0.35
Velocity (m/s) 0.82* 0.65 0.62
Water Level (m) 0.69 0.66 0.74

* Highest value indicates the most sensitive parameter.

For salinity model calibration, two parameters were used—roughness and eddy diffusivity.
A larger value of roughness means more obstruction to the flow, whereas a larger value of eddy
diffusivity means diffusive transport is dominating over convective transport. For the best performance
of the model during calibration, values of roughness varied between 0.00025 at the ocean (considered
as large water body) and 0.025 at the estuaries (where the flow faces more resistance than the ocean).
Values of eddy diffusivity varied from 50 m?/s to 1000 m?/s (mode of transport varies from convective
to diffusive depending on the location of estuaries) within the estuaries and around 250 m?/s at the
ocean (mainly convective transport). The same parameter values obtained during calibration were
used during model validation.

3.1.1. Visualization of Model Performance during Calibration and Validation

The calibration result of the salinity model is visualized in Figure 2a—d. The calibration result
shows a comparison of the spatial distribution of maximum salinity between the model simulation and
measurement. To ensure a one-to-one comparison between the model and measurement, the model
values were extracted only from the locations where measured data were available (see Figure 1b).
The filled contour is shown in Figure 2a,b and was drawn by using the salinity values based on the
locations shown in Figure 1b and the corresponding scatter plot in Figure 2c. The scatter plot of water
level for one measurement location (Figure 1b) is shown in Figure 2d. The degree of scattering was
measured by the 45 line (Figure 2c,d). The comparison shows the R? value for the salinity comparison
as 0.8469 and the R? value for the water level comparison as 0.6123 (Figure 2c,d). After calibrating the
model for the year 2011, the model was validated for the year 2010, (2010 is considered as an average
flood year [54]) and the result is shown in Figure 3a—c). The R? value for the scattered salinity plot is
0.855 (Figure 3c). After visualizing both the calibration and validation results, it can be qualitatively
said that the model performance, when viewed for the entire study area, is “acceptable.”
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Legend

Legend

R
T sy
Salinity (ppt) |,
i3 B

ARl

Salinity (pp) |,
| __ERI i
— B
— B

20

10

Modeled Salinity(ppt)

o

40

20
Measured Salinity (ppt)

(c)

Figure 3. Validation result of salinity model that shows comparison of maximum salinity values in the
study area during the year 2010. The result shows (a) measured and (b) modeled simulated salinity
values in ppt. (c) Measured salinity vs. modeled salinity.



Climate 2019, 7, 69 8 of 23

3.1.2. Quantification of Model Performance

To quantify the qualitative visual performance of the model, 8 statistical indicators—the mean,
standard deviation (STDEV), mean absolute error (MAE), root mean square error (RMSE), percent
bias (PBIAS), Nash-Sutcliffe efficiency indicator (NSE), ratio of the RMSE between simulated and
observed values to the standard deviation of the observations (RSR), and coefficient of determination
(R?)—were calculated, and their “acceptable” ranges (which were reported in different literatures) are
shown in Table 2. These indicators are generally used as model evaluation statistics [55-59]. Out of
these 8 statistical indicators, the mean and STDEV represent descriptive statistics that quantitatively
express the main feature of a dataset [60]. When the difference between these two indicators is “small”
between the model and measured values, the main features of the model data and the measured data
are similar. However, this does not guarantee that the spatial distribution of the model and measured
data is also similar. The other six indicators (MAE, RMSE, PBIAS, NSE, RSR, and R?) are used to
quantify the similarity. Among these six indicators, two indicators (MAE and RMSE) are considered
error indicators, and the remaining four are considered dimensionless indicators [61]. Error indicators
quantify the deviation in the units of the data of interest, whereas dimensionless indicators give a
relative model evaluation assessment [57]. Table 2 shows the calibration and validation results for
each of the estuarine systems separately (see Figure 1a), as well as for the entire system of the study
area; when no reported acceptable range is found in the literature (Mean, STDEV and MAE), ranges
were assumed (Table 2). The final evaluation shows that the model result is acceptable for individual
estuarine systems as well as for the entire study domain (as 8 out of 8 are in the acceptable range for

the entire study domain) (Table 2).

Table 2. Statistical indicators showing the model performance during calibration and validation.

[] Acceptable ] Not Acceptable

Estuary System WES CES EES Entire System
]
R s § & 5 £ 5 & g 2%
23 s £ £ 2 £ 2 £ 2 ga
& 5 s £ 3 £ § & § E <
"& n/a **
et = -0.61 1.15 -042 -0.63 0.28 0.09 -017 -0.07 <1.0
3 2 (assumed)
s £
B -]
& < E n/a **
a v 1.06 -1.13 -097 -042 0.31 0.09 0.04 -0.13 <1.0
=) "O° (assumed)
= =
&)
n/a %
MAE (ppt) 2.40 2.00 1.85 1.67 1.64 1.64 1.88 1.70 <2.0ppt ***
(assumed)
RMSE (ppt) 3.00 2.50 2.50 2.46 2.45 2.03 2.59 2.30 <3.8*
PBIAS (%) —-4.00 2154 -20.80 -27.95 6.71 229 -3.18 -2.13 +25 *%
NSE 0.83 070 -0.13 0.58 0.88 0.93 0.92 0.88 >0.5*
RSR 041 0.55 1.03 0.65 0.35 0.27 0.28 0.34 <0.7*
R? 0.84 0.86 0.44 0.68 0.87 0.93 0.89 0.86 >0.5*
Number (8) 6 5 5 7 8 8 8 8
Final evaluation
( or x)**** v v v v v v v v

##% 4/ = accepted and X = not accepted; *** salinity magnitude 2ppt assumed as relatively less harmful; ** range is
not found in literature; * [61-64].



Climate 2019, 7, 69 9 of 23

3.2. Descriptions of Scenarios

Climate scenarios were developed for three main events that affect SI in the GBM Delta [30].
Studies suggested that salinity ingress is likely to be more severe in the future since (a) reduced
upstream discharge, as flows from rivers in the Himalayas are predicted to decrease, (b) sea levels are
predicted to rise gradually, and (c) extreme events (i.e., cyclones and storm surges) are expected to be
intensified in the changing climate [1,65,66]. As this research aimed to represent the extremes of salinity
intrusion, scenarios were developed in such order. Upstream discharge reduction scenarios considered
the dry season in driest condition (reducing both the monsoon and dry season flow). Sea level rise
is also considered extreme limits of IPCC AR5 [67] and SIDR like high strength cyclone is chosen to
examine its effect on salinity intrusion. Scenarios are summarized in Table 3.

Table 3. Climate scenarios.

Scenario Description

=
:_E E E‘ ° Yearly
e < S g —_ P
& z §2 o - 2
O S 2 g g o Upstream Downstream .
p ) g = = k! Bound Bound Cyclonic
K] = g = g g @ ouncary ouncary Condition
g g ST 2 ) o0 Condition Condition
5 »  5E B g
v 20 5 g >
= = = <
g G* 41611 457 11733
¥ E v o Measured . 1
B -g B B 53317 3797 18424 discharge-2011 [68] NAO-tide [51] No cyclone
S M #* 7468 1035 3777
G* 28134 457 7587 Measured
S B* 35779 1025 11341  discharge-2011[68] a0 tide(51]  No cyclone
o minus Standard
%o M = 5521 53 2242 deviation of Base
S G* 19836 285 5033
< ~ . Qp minus Standard .
g o) B 24639 285 6843 deviation of Q NAO-tide [51] No cyclone
3 M #* 3863 23 1381
& G* 14405 190 3571
= B* 16475 285 959 ~ QminusStandard 1) g0 (511 No cyclone
< deviation of Q;
M #* 2653 23 706
pe : NAO-tide [51]
é = 5 Measured discharge-2011 [68] plus 0.25m No cyclone
E ez . NAO-tide [51]
> -
K = E Measured discharge-2011 [68] plus 0.50m No cyclone
[+
(Y] .
0 & E . NAO-tide [51]
= S Measured discharge-2011 [68] plus 1.00m No cyclone
g
[
2.3 Measured discharge-2011 [68] NAO-tide [51] TC SIDR
g =&
=
S ° TC SIDR plus
o I
5\ g Standard
% Measured discharge-2011 [68] NAO-tide [51] deviation of
S wind speed of
o) TC SIDR

* Ganges, ** Brahmaputra, *** Meghna.

3.2.1. Reduced Discharge

Global Climate Models (GCMs) for the GBM basin projected discharges in the century scale
and mentioned that upstream discharge reduction is a likely scenario in the future due to human
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intervention. However, GCM studies did not consider discharge reduction while projecting the
scenarios [69-71]. This research considers a generated extreme case of upstream discharge reduction
over the whole year that has the potential to leave an impact on salinity intrusion along the Bangladesh
coast. A reduction for each discharge scenario was derived by subtracting the corresponding discharge
dataset from its standard deviation value (where resulting negative values were kept as the actual
value of dataset) (Table 3). The comparison of the base and scenarios are shown in Figure 4.

45000
40000 Ganges

Base

Q1 Q2 —Q3

35000
=
<5 30000
3 25000
2
S 20000
S
215000
a
10000

5000
—

0
1-Jan 31-Jan 1-Mar 31-Mar30-Apr30-May29-Jun 29-Jul 28-Aug27-Sep 27-Oct26-Nov26-Dec

Time (Day)

(a)
60000

Base

01 Q2 —Q3
Brahmaputra
50000

Discharge (m3/s)
N @ L3
(=3 (=3 (=3
[=] (=3 [=]
(=3 (=3 (=3
(=] (=] (=]

10000

0
1-Jan 31-Jan 1-Mar 31-Mar30-Ap130-May29-Jun 29-Jul 28-Aug27-Sep 27-Oct26-Nov26-Dec
Time (Day)
(b)

8000

Base

Q1 Q2 ——Q3
Meghna

7000

6000

a1
(=3
(=]
(=}

Discharge (m3/s)
e 5
8 8

2000
1000

0
1-Jan 31-Jan 1-Mar 31-Mar30-Apr30-May29-Jun 29-Jul 28-Aug?27-Sep 27-Oct26-Nov26-Dec

Time (Day)
(V]

Figure 4. Reduced discharge scenarios from base condition for (a) the Ganges, (b) Brahmaputra,
and (c) Meghna rivers.
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Discharge reduction methods exhibit a satisfactory match with true data (Figure 5). The extreme
flood year of 1998 [72] was reduced in the same way as Table 3 and was examined to find a match with
actual data of the dry year 2011 [68] (Figure 5). This represents that when the discharge of a flood year
is reduced using standard deviation, it will match the magnitude of discharge (in terms of peak value)
of a dry year. In the climatic condition when a dry year will be drier, a further reduction of discharge
(like Figure 4) is a likely scenarios.
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Figure 5. Reduced discharge scenarios from base 1998 for (a) the Ganges, (b) Brahmaputra,
and (c) Meghna rivers.

3.2.2. Sea Level Rise

The ARS of the IPCC predicted a global rise of mean sea level by 0.52-0.98 m by the year 2100 [67].
Based on the IPCC projection, the maximum sea level rise in the Bay of Bengal is slightly higher (0.02 m)
than the maximum global average. This research followed AR5 to construct SLR scenarios, and, after
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introducing the local correction for the Bay of Bengal, the maximum sea level rise was considered
1.0 m, with incremental changes of 0.25 m and 0.50 m towards the end of the century. With the base
mean tide level of zero sea level rise, 0.25 m, 0.50 m, and 1.00 m were added to the mean of the base tide
level to have the sea level rise scenarios. For a yearly cycle when neap-spring and seasonal variability
was considered, tidal range (TR) in the sea varies between 0.25 m and 2.6 m.

3.2.3. Cyclonic Scenario

Among the recent cyclones, according to the Indian Meteorological Department (IMD) scale, SIDR
(2007) was an extremely severe cyclonic storm (maximum wind speed 215-260 km/hr) which carried a
significant amount of saline water through the estuaries and left severe impacts on the affected area,
in terms of the salinity problem [73]. Considering the impact and susceptible landfall location [1,40,74],
SIDR was chosen as the base cyclone by keeping the same wind speed and landfall location (which is
named “Base Cyclone” in Table 3) to identify the effects of salinity intrusion due to a high strength
cyclonic event. The effect of the extreme cyclonic condition was analyzed by considering an increase of
wind speed of SIDR in future climatic conditions. For “Cyc-Scenario,” the standard deviation value
(wind speed) of the “Base Cyclone” was added to the SIDR data (Figure 6) (Table 3).

When wind speed of a relatively weaker cyclone like ‘MORA’ (May 2017; landfall between the
fishing port of Cox’s Bazar and the port city Chittagong) was increased following the same method of
Figure 6, it was observed that after the 4™ increment from base data, “‘W4-MORA’ matched with SIDR
data (Base cyclone) (Figure 7). After one standard deviation increment of SIDR data (Base cyclone),
“W1-SIDR’ (Cyc-Scenario) was derived, SIDR was observed to be relatively close to another cyclone
named here as “Base-1991” that hit the Bangladesh coast in 1991 (Figure 7). Hence, it can be said that
the method of wind increment represents the likely scenario for the cyclonic condition.

300

Base Cyclone Cyc-Scenario

250

200

—
a1
[=}

Wind Speed (km/hr)
—
(=
(=}

a1
(=]

3
Time (Day)

Figure 6. Cyclonic scenarios.
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Figure 7. Wind increment from Base-MORA and Base SIDR.

4. Result and Discussion

4.1. Base Salinity Condition from Measurement

The measured salinity value in the GBM delta indicates that the upper eastern-central coast
(EES-CES) was relatively fresh (0-1 ppt) in the base year (2011) (Figure 8). The western coast had
very high salinity, as its salinity magnitude was greater than 15 ppt. This spatial variation of salinity
along the Bangladesh coast can be correlated with the fresh water—salt water interaction through
three distinct estuarine systems (EES, CES, and WES) [38]. The EES receives the maximum amount of
freshwater flow through the Meghna estuary, whereas the WES receives the minimum, and the CES
receives an amount in-between the two [38].
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Figure 8. Base salinity in 2011, from measurement.
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4.2. Impact of Reduced Upstream Discharge on Salinity Intrusion

Reduced upstream discharges (Q1, Qy, Q3) were responsible for the gradually increment of the
salinity magnitude all along the coast depending on the discharge scenarios (Figure 9). The freshwater
zone (0-1ppt) of the EES (Lower Meghna, Tentulia) and the CES gradually disappeared with the
reduction of freshwater flow (Figure 9). The maximum impact was in the WES, which already had the
maximum salinity in the base condition (Figure 8). The salinity magnitude increased by 8-9 ppt in the
WES, depicting a further landward intrusion (Figure 10).
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Figure 9. Change of salinity magnitude for reduced discharge (Q;, Q,, and Q3).

4.3. Impact of Sea Level Rise on Salinity Intrusion

The salinity magnitude increased less than 1 ppt due to 0.25 m and 0.50 m SLR conditions
(Figure 10). A 1.00 m sea level rise pushed the saline front upward in the central-eastern coasts and
increased the salinity magnitude by 2—4 ppt in the seaward part (Figure 10). The intrusion occurred up
to a certain distance inland and decreased gradually. The highest effect of SLR was observed in the
central coast that was relatively fresh in the base condition. In general, the impact of SLR is less than
reduced upstream flow (Figures 9 and 10).
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Figure 10. Change of salinity magnitude for SLR (0.25, 0.50, 1.00 m).

Due to SLR, the freshwater zone of the upper western coast spread out toward the coastline that
resulted in a decreasing salinity magnitude (less than the base) (Figure 10). This might be due to the
backwater effect, which indicates a large amount of stagnant fresh water from upstream resulting in
fluvial flooding [40,75]. The backwater effect is the propagation of the effect of SLR upstream, which
can be expressed as changes in water levels near the river mouth [40,75]. Complex hydrodynamics lie
behind this change, which depends on the volume of water entering and exiting in an estuary (flood
volume and ebb volume) during tidal cycles. An increased freshwater volume due to the backwater
effect (not from upstream flow) decreases the salinity magnitude in this region.

4.4. Impact of Cyclone on Salinity Intrusion

In the Northern Hemisphere, the right part of the cyclone track (facing in the direction which the
cyclone is moving) is called the dangerous semi-circles because of the forward motion of the cyclone,
for which onshore winds are observed to the right of the path [76], and higher wind-forcing creates
higher surge heights [77].

This particular directional impact of wind of tropical cyclones (TCs) also takes effect in this study
as the Base Cyclone (TC SIDR) and its Cyc-scenario had landfall at the eastern side of Sundarbans,
impacted (changes of salinity magnitude in a range of 4-9 ppt) mainly along the right part of the
landfall location of cyclones (Figure 11). The changes are prominent from the Baleswar River of the
central coast to the Lower Meghna estuary of the eastern coast (see Figure 1b for locations and Figure 11
for impacts).
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Figure 11. Change of salinity magnitude for the Base Cyclone and the Cyc-Scenario.

4.5. Salinity Intrusion in Changing Climate

Changes of maximum salinity, corresponding tidal range, and flood velocity for three different
scenarios (discharge reduction, SLR, and cyclonic scenarios), and for three estuaries of three different
coasts (west, central, and east) are shown in Figure 12. SLR and cyclonic scenarios indicate varying
impacts on different coasts. An increased flood velocity augments salinity magnitude along the east
and central coasts during SLR. An increased salinity of approximately 5 ppt (in the central and east
coasts) is associated with an increased flood tide velocity of 0.06 m/s. An increased flood velocity also
contributes to an increased salinity in the east coast (where freshwater discharge is the highest) during
the reduced discharge scenario. An increased tidal range causes a salinity increment along the central
and eastern coasts during the cyclonic condition. It is to be noted here that the central and eastern
coasts are considered the cyclone landfall locations in cyclone scenarios.

A discharge reduction gradually increases the salinity magnitude along the entire coast.
However, this increased salinity is not always associated with an increased flood velocity (except
in the eastern-central coast, which has the maximum freshwater flow). This shows that an increase
of flood velocity and the associated increase of salinity depends on a balance between ebb strength
(a function of freshwater flow) and flood strength (a function of freshwater flow and tidal range).
However, the equilibrium relation is obviously non-linear (Figure 12). This non-linearity may be
caused by the potential energy components (water surface slope and bed slope) of the total energy
gradients that drive the flow during a tidal cycle which also have impacts on the transport process [78].

When we analyzed each of the coasts separately (WES, CES, and EES), it was found that upstream
reduced discharge is the main driving event for increased the salinity intrusion along the coast. SLR is
the dominant event in the central coast, which is relatively shallow compared to the west and east
coasts. The cyclone is the dominant event in the central and east coasts (close to landfall location).
Cyclones also cause a change in the tidal range for a short duration during the movement of cyclones
along the coast.
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4.6. Salinity Intrusion in Extremely Severe Climatic Condition

Though the main research question of this paper is to find the dominant climate change event
for salinity intrusion in the GBM delta, it is interesting to examine the impact of a climatic condition
where all the extreme climate change scenarios considered in this study—reduced upstream discharge
scenario Q3, SLR 1.0 m, and Cyc-Scenario (Section 3.2, Table 3)—occur at a time. This kind of event
is unlikely to occur but not impossible. Due to the multiplier effect, this extreme climate change
scenario creates an extreme increase of salinity in the region (Figure 13). Except in the upper western
estuarine systems where the backwater effect determines the salinity intrusion process (described in
Section 4.3), all other estuaries in the system experience an increased salinity magnitude from 4 ppt to
9 ppt (Figure 13).
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5. Conclusions

Considering three dominant climatic events of salinity intrusion, this study found that the reduced
discharge causes an increase of salinity in all types of the coast. The impact of SLR is more prominent
in a relatively shallower coast. Salinity intrusion due to cyclonic scenarios is confined close to the
cyclone landfall location. Cyclonic events increase the tidal range for a short duration during the
passage of a cyclone along the coast. The relationship between flood velocity and an increase in salinity
is non-linear for all types of coast

Scientific studies in the low lying deltaic region (for example, in the Bangladesh coast) had
mentioned with great care that SLR (or the rising tide level) is going to affect the coastal area severely
by pushing more tidal water inland, inundating more coastal areas; in another way;, this effect can be
interpreted as bringing more salinity intrusion along the coast [1,79-81]. Such emphasized scientific
research of SLR impact on salinity intrusion results in more focus on governmental or non-governmental
projects for the mitigation or adaptation of SLR. While there is no doubt of the increased salinity
intrusion due to SLR, this research emphasis downplays the effects of reduced discharge conditions.
This raises an important question: Whether the policymakers should only focus on SLR (which is a
global phenomenon) or should focus on ensuring the optimal flow of an estuary (which is a regional
phenomenon) to push saline water back to the ocean. In this era of globalization and anthropogenic
development, barrages and dams are parts of river development and control projects, and, keeping
this in mind, it is necessary to check whether such projects are interfering with the upstream flow
that contributes to reducing downstream salinity of a delta. By investigating this idea, we might
end up having much more devastating results than a 1.0 m SLR and increased cyclone frequency
and intensity. Salinity intrusion is a lengthy process, and it is uncertain whether intruded salinity
will reduce completely. Even if it reduces, it will be another very long term process. As such, with
increasing salinity intrusion, it would be difficult to minimize the adverse effects. Keeping this fact in
mind, regional cooperation in the basin scale is necessary so that the present upstream discharge will
not reduce in the future.
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