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ABSTRACT

The coastal zone of the Ganges-Brahmaputra-Meghna (GBM) Delta is widely recognized as one of the
most vulnerable places to sea-level rise (SLR), with around 57 million people living within 5 m of sea level.
Sediment transported by the Ganges, Brahmaputra, and Meghna rivers has the potential to raise the land
and offset SLR. There is significant uncertainty in future sediment supply and SLR, which raises questions
about the sustainability of the delta. We present a simple model, driven by basic physics, to estimate the
evolution of the landscape under different conditions at low computational cost. Using a single tuning
parameter, the model can match observed rates of land aggradation. We find a strong negative feedback,
which robustly brings land elevation into equilibrium with changing sea level. We discuss how this model
can be used to investigate the dynamics of sediment transport and the sustainability of the GBM Delta.

1 INTRODUCTION

Coastal Bengal is situated within the GBM Delta formed by the confluence of the Ganges, Brahmaputra, and
Meghna rivers and straddles the border between West Bengal, India to the east and Bangladesh to the west.
The region is home to around 57 million people and the ecologically critical Sundarbans mangrove forest.
During the 1960s and 1970s, the Coastal Embankment Project (CEP) clear-cut large swaths of mangrove
forest, and constructed extensive earthen embankments (locally known as “polders”) to protect low-lying
areas from flooding during high tides, storms, and monsoon rains. This effort reclaimed intertidal land and
enabled agriculture and aquaculture year-round. However, the creation of polders significantly altered the
region’s natural geomorphic and tidal processes (Pethick and Orford 2013; Brammer 2014; Auerbach et al.
2015; Roy et al. 2017; Alam et al. 2017; Wilson et al. 2017; Bain et al. 2019; van Maren et al. 2023).

Further complicating this problem is the imminent threat of SLR to the region (Becker et al. 2020;
Steckler et al. 2022). The delta is often portrayed as one of the most at-risk regions for SLR due to its vast
expanse of low-lying land at or near sea level. Many studies (Sarwar 2005; Dasgupta et al. 2009; Loucks
et al. 2010) suggest large swaths of the delta may be flooded under different SLR scenarios. However, this
overly simplifies the threat to the region and neglects the significant sediment contribution of the GBM
system in maintaining the natural elevation.

The role of sediment is especially important within the tide-dominated Sundarbans mangrove forest.
Much of the Sundarbans are largely disconnected from the fluvial network and rely mostly on tidal reworking
of sediment from the GBM river mouth. Recent work by Raff et al. (2023) demonstrates that sediment
deposition may raise land elevation at a comparable rate to SLR, especially if global warming intensifies
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Figure 1: Map of the tide-dominated region of the GBM Delta (black dashed line) and the Sundarbans
mangrove forest (light solid line). The inset shows the regional context, and the black square indicates the
area shown in the elevation map. Elevation data is from CoastalDEM (Kulp and Strauss 2021). Several
studies of sedimentation are indicated on the elevation map.

the South Asian Monsoon, as is expected. This would greatly increase the amount of sediment transported
to the coast by the GBM river system. However, Raff et al. (2023) also highlight that upstream damming
or river diversions could reduce sediment flux enough to threaten this stability.

Many studies have attempted to quantify changes in sediment load. Darby et al. (2015) suggests it
could increase by nearly 50 % in response to increased weathering and erosion. Other studies suggest it
may decrease by anywhere from 30 % (Higgins et al. 2018) to 88 % (Dunn et al. 2018) largely in response
to upstream damming and land-use changes. SLR is also very uncertain: the IPCC (2021) gives likely
ranges from 0.28 to 1.01 m by 2100, with possible extreme values as high as 5Sm. This uncertainty makes
it important to assess the sustainability of the delta under different conditions.

In order to understand how the system may evolve in the future, we must understand the dynamics that
currently control the elevation of the delta. Presently, many studies (Allison and Kepple 2001; Rogers et al.
2013; Bomer et al. 2020a) have shown platform elevations are maintaining pace with SLR. This implies
that the mangroves may be incredibly resilient to increasing water levels due, in large part, to the sediment
delivered to the platform periodically during high tide. This process enables the mangrove platforms to
exist in a dynamic equilibrium approximately between mean high water (MHW) and mean spring high
water (MSHW).

Counterintuitively, some studies (Rogers and Overeem 2017; Bomer et al. 2020a; Chaudhuri et al. 2020;
Rahman et al. 2022) have shown rates of aggradation that exceed rates of relative sea-level rise (RSLR)
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(subsidence and eustatic SLR). Fundamentally, the elevation of a tidal platform is controlled by the available
depositional volume or accommodation space. For a point on a tidal platform, this can be simplified as
the difference between the elevation of high water (HW) and the elevation of the platform. Thus, the
equilibrium elevation of a platform should be approximated by the difference between the terms resulting
in positive platform elevation change (aggradation) and negative platform elevation change (subsidence and
changes in HW). By this logic, the high rates of aggradation described by these studies may be capturing
a transient phenomenon.

Given the wide range of possible future rates of SLR and sediment load, it will be useful to have a
simulation model that can assess the combined impact of sediment transport and SLR over time spans
of decades or more. In principle, many geomorphological models, such as Delft3D (Deltares 2023), can
simulate coastal landscape change under the combined influence of erosion and deposition of sediment, SLR,
and other factors, but these require detailed gridded input data on land-surface elevation, channel bathymetry,
etc., and are computationally expensive for simulating change on large spatial and temporal scales. Here,
we present a much simpler model of elevation change in response to tidal inundation, aggradation, and
subsidence. This framework provides a generalizable way of investigating elevation change within a tidal
delta at various scales, and with minimal demands for input data. For the purpose of this study, we use the
model to investigate (1) the long-term viability of the high rates of aggradation observed throughout the
delta and (2) the timescales over which they persist. We do so by modeling the multi-decadal elevation
change of a tidal platform near a stream-bank as described by Bomer et al. (2020a). Specifically, we
construct a zero-dimensional model of elevation change at a site in Dakop Upazila, in Khulna District, near
the confluence of the Sutarkhali and Sorbotkhali Rivers and adjacent to Polder 32 (Figure 1). This area
was chosen not only for the high rates of aggradation but also for the availability of data from a plethora
of recent studies (Auerbach et al. 2015; Hale et al. 2019a; Hale et al. 2019b; Bomer et al. 2020a; Bomer
et al. 2020b; Steckler et al. 2022), which allowed us to calibrate and test our model.

2 METHODS
2.1 Model description

We model the elevation of a tidal platform (1)) using a zero-dimensional mass balance approach described
by Krone (1987) and refined by subsequent studies (Allen 1990; French 1993; Temmerman et al. 2003;
Temmerman et al. 2004). We first conceptualize a periodically inundated tidal platform. The depth of
inundation, A, is defined as

h(t) = E(1) =n(1),

where { () is the water-surface elevation and 7(¢) is the sediment-surface elevation. The rate of elevation
change of the platform is described as

dn() _ dSn(r)  dS,(t) _dP()  dM(r) (1)

dt dt dt dt dr '’

where dS,,(t)/dt is the rate of mineral sedimentation, dS,(¢)/dt is the rate of organic matter sedimentation,
dP(t)/dt is the rate of shallow compaction, and dM(r)/dt is the rate of subsidence due to tectonics and
deep compaction. While the platform is inundated (h(z) > 0), the rate of mineral sedimentation is

dSp(t) _ wiC(t)
a — pp ]

(2)

where wy is the nominal settling velocity of a sediment grain, C(¢) is the depth-averaged suspended sediment
concentration (SSC) within the water column, and pj is the bulk density of the sediment. We assume no
resuspension of sediment which is consistent with previous studies (Krone 1987; Allen 1990; French 1993;
Temmerman et al. 2003; Temmerman et al. 2004).
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In order to solve for concentration, we define a mass balance of sediment within the water column as

d B dh(t)
E[h(t)C(t)] = —w,C(1) O

where C), is the SSC of the inflowing water from outside the model. This can be rewritten as

ac(t)  wyC(1) 1 dh(t)
TR —m[c(t)—cp]—. 3)

Sediment is only imported to the platform during a flood tide. We impose this condition by only allowing
new sediment to enter the model while the water-surface elevation is rising (dh/dt > 0). This is formalized
as a Heaviside step function which serves as a switch for the platform concentration and is given as

dh 0, <0;
=20 H={ °
1, z>0.

We also include a term for trapping efficiency (¢) to capture the effect of decreased sediment aggradation
with increased distance from the tidal channel and thus, define platform concentration as

Cp=9CH(z), 4)

where C, is the average annual SSC of the nearest primary tidal channel. We use ¢ as a tuning parameter
which we adjust to ensure modeled rates of sediment aggradation match field observations for a location.

For each time step, we solve equation (3) then equation (2) to find concentration and rate of mineral
sedimentation, respectively. These equations are integrated for each inundation period using an explicit
5(4)-order adaptive step-size Runge-Kutta method (Dormand and Prince 1980), implemented in Python
using SciPy (Virtanen et al. 2020). To avoid numerical instabilities at very small depths in equation (3),
we constrain the model to run only while 2 > 1 mm. We calculate the sediment-surface elevation before
and after each inundation cycle using equation (1).

2.2 Model parameterization and calibration

We parameterized our model using a combination of field observations and estimates from the literature as
described below and summarized in Table 1. All elevations are referenced to the EGM96 geoid.

Table 1: Model parameters and sources.

Parameter Value Source

Organic matter sedimentation (S,) 0.5mmyr~' Rogers et al. 2013; Bomer et al. 2020b
Compaction (P) —11.3mmyr~! Bomer et al. 2020a

Subsidence (M) —-2.5 mmyr_1 Steckler et al. 2022

. Rogers et al. 2013; Hale et al. 2019b;
Bomer et al. 2020b

3 Allison and Kepple 2001; Hale et al.
2019b; Bomer et al. 2020b

Tidal channel SSC (C,) 0.5 gL_1 Hale et al. 2019a

Settling velocity (wy) 0.5mms™

Dry bulk density (p,) lgem™
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2.2.1 Tides

Our model uses a simulated tide curve for the water-surface elevations ({). The tidal data were derived from
observations at the dock of the Sutarkhali Forest Ranger Station. Water-surface elevations were collected
in 10 min increments from May 18, 2014, to October 2, 2018, using an Onset U20L-01 HOBO water level
data logger. The period of record contains many gaps and datum shifts due to expected (periodic data
retrieval) and unexpected (instrument failure) causes.

Sufficiently small gaps (<12 h) without datum shifts were interpolated using a cubic spline. Small gaps
(<3 d) were corrected by adjusting the right side (later dates) of the gap so that the 14-day medians of each
side of the gap were equal. The 14-day median was used to negate the impact of spring-neap cycles. A
near year-long gap due to instrument failure was corrected similarly using a 1 yr median on each side of
the gap. Lastly, an 81-day gap was adjusted by analyzing the equivalent time period in three other years
and shifting the right side of the gap accordingly. Correcting these datum shifts expanded the usable tide
record by ~40 % for a total of ~4.5yr.

From the corrected data, we created a model of the tides using the Python implementation of UTide
(Codiga 2011) which explicitly allows for gaps and includes the 18.61 yr lunar nodal oscillation. We disabled
UTide from fitting a linear trend so that the model produced a general, stationary tidal curve. Finally,
using this tidal model, we created a multi-decadal tide curve and superimposed 3 cmyr~! of SLR which is
consistent with recent observations (Pethick and Orford 2013; Becker et al. 2020; Fox-Kemper et al. 2021).

2.2.2 Background rates — organic matter sedimentation, compaction, and subsidence

The sediment of the Sundarbans contains very little organic matter as compared to other mangrove forests.
Rogers et al. (2013) found organic content of Sundarbans soils to only accounts for 2.9 to 3.8 % of a total
vertical accretion rate of 1.040.9 cmyr~'. Bomer et al. (2020a) found an average total organic content of
0.940.1 % and total vertical accretion rates of 3.29 +0.24 cmyr~'. Using these estimates, we set Sp to
be 0.5 mmyr .

Compaction and subsidence are difficult to disentangle. Estimates for the region are often lumped or
split in various ways. For our study area, Auerbach et al. (2015) suggested 4.0+0.2 mmyr~! for compaction
and 3.04+0.2mmyr~! for subsidence. More recently, Bomer et al. (2020a) observed significantly higher
rates of compaction (11.34+0.5mmyr~!) using a rod surface elevation table (RSET) and sediment traps.
Following on this, Steckler et al. (2022) estimates an additional 2 to 3mmyr~! of deeper subsidence below
the base of the RSET. From this, we set compaction and subsidence to —11.3 mmyr~! and —2.5 mmyr—!,
respectively.

2.2.3 Controls on mineral sedimentation — settling velocity, dry bulk density and SSC

We determine the settling velocity using Stokes’ law for a characteristic grain size in our study area. Rogers
et al. (2013) observed median grain sizes of 23.5 4.7 um for multiple sites in the western Sundarbans.
Similarly, within our study area, Bomer et al. (2020b) and Hale et al. (2019a) found median grain sizes of
23.9 um and 31 um, respectively. We use a grain size of 25 um (medium silt) and assume a grain density
of 2.65gem™! (quartz) leading to a settling velocity of ~0.5 mms™!.

Estimates for dry bulk density vary greatly depending on the season and location on the platform.
Allison and Kepple (2001) estimated mean bulk density of the upper 1 m of the lower GBM Delta plain to
be 1.3 gcm*3. Within our study area, both Hale et al. (2019b) and Bomer et al. (2020b) observed densities
ranging from 0.6 to 1.1 gcm™>. Though, Bomer et al. (2020b) saw some increase in density over the upper
0.5m. Due to this increase with depth, we set our bulk density toward that higher end of the range at
lgem™.

We have limited information for SSC on the platform outside sparse single-day observations by Hale
et al. (2019b). However, in a separate study, Hale et al. (2019a) conducted an extensive survey of the
main stem tidal channel that feeds this area. They estimated mean annual discharge of the Shibsa River to
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be 2 x 10" m? and 1 x 10! kg, respectively, which equates to a mean annual SSC of 0.5 gL~'. From this,
we found the platform SSC as a fraction of the tidal channel SSC by applying a trapping efficiency using
equation (4).

2.3 Model tuning and execution

We tuned the model to match observed rates of elevation change (2.59 cmyr_l) from Bomer et al. (2020a)
over the 5 yr observation period from 2014 to 2019. Since our model considers subsidence, whereas Bomer
et al. (2020a) does not, we tuned it to a 5 yr mean elevation change of 2.34cmyr~!. This step depended
greatly on the initial platform elevation relative to the tides. Due to inherent uncertainties in the exact initial
elevation, we tuned the model for a range of initial platform elevations. Finally, after we tuned trapping
efficiency and found the platform SSC, we ran each simulation from 2014 to 2070.

3 RESULTS
3.1 Model tuning

The tuning processed showed a sublinear relationship between platform SSC and mean elevation change
regardless of initial platform elevation. Mean annual elevation change during the 5 yr window diminished
at higher values of trapping and SSCs. As an example, Figure 2 shows how we determined the annual mean
platform SSC for an initial elevation of 2.5 m. For this initial elevation, a trapping efficiency of 0.83 and
platform SSC of 0.41 gL~! were required to obtain the target elevation change of 2.34 cmyr~!. In other
words, if the platform observed by Bomer et al. (2020a) started at an elevation of 2.5 m, a platform SSC
equivalent to 83 % of the annual tidal channel SSC (0.5 gL™") is required.

Response curve for ng=2.5
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Figure 2: Response curve for an initial platform elevation of 2.5 m.

Expanding on this, we found the required trapping efficiency and platform SSC for other initial elevations
which led to the curve shown in Figure 3. This curve shows the required trapping efficiency and platform
SSC for any initial platform elevation. Trapping efficiency had a positive exponential relationship with the
initial platform elevation. A trapping efficiency of one indicates that the mean annual SSC of the tidal
channel and platform are equal.
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Figure 3: Rating curve showing the required trapping efficiency and platform SSC for a given initial
elevation.

3.2 Multi-decadal simulations of tidal platform elevation

We simulated the evolution of a tidal platform across a range of initial elevations from 2.1 to 2.65 m. The
elevation of all simulations started at or below MHW. The median simulation increased quickly during the
first 25 yr, after which, it was roughly in equilibrium with 3 mm of SLR. The other simulations followed
similarly and by the end of the simulation period all were in equilibrium between MHW and MSHW.

The rate of elevation change quickly declined below the 5 yr average rate from Bomer et al. (2020a)
(dotted line in Figure 4b) for all simulations. Each simulation crossed the 2.34 cmyr~! target at exactly
2.5 yr (half of the tuning window) which is an effect of the tuning process. Interestingly, this is also the point
at which the simulation with the lowest initial elevation overtook the one with the highest initial elevation.
Within 15 yr, the rate of elevation change of the median simulation was less than half the observed rates of
Bomer et al. (2020a) and within ~20 yr, all simulations were below this mark. By the end of the simulation
period, the variation between the simulations was negligible.

The mean hydroperiod started relatively high with the median simulation being inundated on average
for ~2.95h. However, similar to previous metrics, this quickly tailed to an apparent equilibrium within
25 yr. By 2040, most simulations equilibrated to a mean hydroperiod between 2.0 to 2.8 h, with the median
simulation having a mean hydroperiod of ~2.5h.



Tasich, Gilligan, and Hornberger

Range of model results

30 {—
a mean MSHW
40
2.8
20

2.6 MHW!

Elevation (m)

2.4

A Elevation (cm)

|
N
o

2.2
-40

t) 3.0

2.5 An.=2.34cm-yr !

(@}
Mean Hydroperiod (h)
NN N W W W
N o o™ [=T S =~

[
o

600

o

# Inundations per year
[ w £y wun
o [=] (=] o
o o o o

=
o
o

2020 2030 2040 2050 2060

Figure 4: Simulation results from 2014 to 2070. The solid line shows the median simulation result and the
shading shows the range of simulation results. Panel (a) shows platform elevation referenced to EGM96
(left axis) and relative elevation change (right axis). Panel (b) shows the rate of elevation change of the
platform. Panel (c) shows the mean hydroperiod of an inundation event. Panel (d) shows the number of
times per year that the platform is submerged by tides.
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4 DISCUSSION

Our analysis reveals discrepancies between simulated and observed rates of aggradation in the Shibsa River.
The simulation results (Figure 4) shows that the rates of aggradation observed by Bomer et al. (2020a)
are not sustainable over multi-decadal timescales. Indeed, Bomer et al. (2020a) noted that these rates of
aggradation exceeded RSLR for the region and suggested that this may be due to an external forcing like
tidal amplification.

Further, an initial platform elevation above 2.55 m is not plausible as this would imply that the water
inundating the platform would have a greater SSC than the river (Figure 3). However, many other studies
(Auerbach et al. 2015; Hale et al. 2019b; Bomer et al. 2020b) have reported similar platform elevation
in this region, between 2.55 to 2.65 m. Thus, we similarly conclude that the observed sustained rates of
aggradation are implausible without additional forcings.

The elevation of a platform is in static equilibrium when aggradation and subsidence are equal. Assuming
a constant sediment supply, a steady state elevation in the presence of an external forcing, such as SLR,
should respond by increasing aggradation to match the combined rates of subsidence and SLR. However,
the observed rates of aggradation exceed subsidence and SLR by an order of magnitude. This implies that
there is a significant disequilibrium, additional forcings are contributing, or there is a more complicated
dynamic equilibrium between SLR, tidal range, and platform elevation.

4.1 Platform elevation (dis)equilibrium and potential explanations

The simplest potential explanation for this discrepancy would be that the actual SSC at our study area is
significantly greater than the value in Table 1, which was extrapolated from coarse estimates of SSC in
the main stem tidal channel downstream from our study area. We do not have measurements that could
provide the mean annual SSC at the study site, either in the tidal channel or on the inundated platform.
We address this by assuming that SSC on the platform is proportional to the SSC measured downstream
in the Shibsa River. However, the tidal network is known to be complex (Bain et al. 2019; Bain 2019;
Hale et al. 2019a), so there could be important spatial and temporal variations in SSC. For instance, Hale
et al. (2019a) reported asymmetries between the ebb and flood tidal prism near our study area, which they
attribute to a lateral (east-west) transfer of water between the Shibsa River and the adjacent main stem tidal
channel (Pasur River) to the east, which implies that sediment in our study area may be sourced from both
rivers. However, both rivers likely carry similar sediment loads (Hale et al. 2019a), so it seems unlikely
that this could explain the discrepancy in aggradation rates.

Another potential explanation is that total rate of compaction and deep subsidence exceeds the estimate
in Table 1. Compaction is unlikely to be significantly different from our estimates because Bomer et al.
(2020a) report measured compaction at our study location, which is consistent with our estimate. Deep
subsidence is more difficult to constrain on a local scale, but an extensive review by Steckler et al. (2022)
found consistent measurements of sub-centimeter rates of annual subsidence across the GBM Delta. Thus,
it is unlikely that the observed disequilibrium between aggradation and subsidence can be explained by
errors in our estimates of compaction and deep subsidence.

A third possible explanation is the lunar nodal cycle, which changes the tidal amplitude over a period
of 18.61 yr, and has the effect of stretching the high and low tidal excursions. The 5 yr period observed
by Bomer et al. (2020a) occurred during the lead-up to a peak in this cycle (October 2018). Our analysis
(Figure 4) found that this cycle increased MHW by ~1cm which is a similar scale to the discrepancy
between aggradation and subsidence.

Finally, the tides themselves are nonstationary. Pethick and Orford (2013) speculated that polder
construction altered the tidal prism and altered the inland propagation of tides. Analyzing historical tidal
records, they found tidal amplification throughout the region, and that at the Port of Mongla, close to
our study site, MHW rose by 15mmyr~! from 1998 to 2010. This is different from SLR because tidal
amplification raises high water and lowers low water. Subsequently, van Maren et al. (2023) found that
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this amplification has continued through 2020. Whether instantaneous or sustained, tidal amplification is
on a similar order of magnitude as the discrepancy and likely substantially contributes to aggradation.

Future work will incorporate a more thorough treatment of the lunar nodal cycle and tidal amplification
and their contribution to driving aggradation. At this time, we are moderately confident that these tidal
factors explain the discrepancy.

4.2 Summary

We found that our model could be tuned to match recently observed rates of aggradation using a single
tuning parameter to represent sediment trapping efficiency. We found discrepancies between predicted and
observed aggradation rates. A more detailed consideration of the tidal prism, which drives aggradation,
might explain these differences. Notably, the scale of these discrepancies aligns with the known lunar nodal
cycle and observed rates of tidal amplification, bolstering our confidence that these factors likely account
for the observed differences.

Aggradation depends on the initial platform elevation, so perturbed landscapes will respond differently
than natural ones, such as the relatively undisturbed mangrove forest. Our simulations produce aggradation
rates that can easily compensate for Smmyr~' of SLR, maintaining equilibrium between the land and sea
level. Greater inundation depths and hydroperiods produce faster aggradation, which suggests that so long
as SSCs remain near current levels, aggradation should be able to compensate for even greater rates of SLR.
Climate change is likely to strengthen the South Asian Monsoon, which is predicted to increase sediment
discharge from the GBM river system by 34 to 60 % (Darby et al. 2015; Raff et al. 2023). This strengthens
the prospect that natural sediment transport has great potential to protect the GBM Delta from SLR.

Although our simplified approach to simulating the evolution of the coastal zone of the GBM Delta
cannot predict the details of local variation in landscape change across the delta, it offers insights into the
general dynamics of the deltaic system as a whole. We conclude that under current conditions of sediment
supply and tidal range, this tidal platform system is in not in a static equilibrium with the tides, but may
either be subject to a more complex dynamic equilibrium with changing tides, or alternatively, may simply
be re-equilibrating to a recent disturbance, such as the massive coastal-embankment project. Future work
will apply the modeling tool described here to investigate these alternatives.

Full code and documentation for the model described here are available at github.com/christasich/tidal_
flat.
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