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Abstract. Storm-surge-induced coastal inundation consti-the face of ongoing climate change, which is likely to worsen
tutes a substantial threat to lives and properties along the vashe future storm surge hazard, we expect our ood maps to
coastline of the Bengal delta. Some of the deadliest cyclonegprovide relevant information for coastal infrastructure engi-
in history made landfall in the Bengal delta region claiming neering, risk zoning, resource allocation, and future research
more than half a million lives over the last ve decades. Com- planning.

plex hydrodynamics and observational constraints have hin-
dered the understanding of the risk of storm surge ooding of
this low-lying (less than 5m above mean sea level), densely

populated ¥ 150 million) mega-delta. Here, we generated 1  Introduction

and analysed a storm surge database derived from a large en-

semble of 3600 statistically and physically consistent syn-Among global coastlines exposed to storm surges, the coun-
thetic storm events and a high-resolution storm surge modlries along the Indian Ocean have some of the places most
elling system. The storm surge modelling system is devel-Severely impacted by deadly cyclones (Needham et al,
oped based on a custom high-accuracy regional bathymetr§015)- Particularly the northern Bay of Bengal is one of the
enabling us to estimate the surges with high con dence.deadliest regions in terms of cyclone-related mortality (Ali,
From the storm surge dataset, we performed a robust probat999). Although a tiny percentage 6 %) of cyclones form
bilistic estimate of the storm surge extremes. Our ensembl@nd make landfall around this region, the total death toll
estimate shows that there is a diverse range of water level exs more than 50 % of the global total (Alam and Dominey-
tremes along the coast and the estuaries of the Bengal deltklowes, 2014). The Bay of Bengal experiences, on average,
with well-de ned regional patterns. We con rm that the risk V€ Surge events per decade, exceeding a surge level (excess
of inland storm surge ooding at a given return period is Water level above the tidal prediction) of 5m (Needham et al.,
rmly controlled by the presence of coastal embankments2015). The Bengal delta coastline, located in the northern
and their height. We also conclude that about 10 % of theBay of Bengal spanning Bangladesh and India, experiences
coastal population is living under the exposure of a 50-yeard large portion of the aforementioned cyclonic storms and

return period inundation under current climate scenarios. Ir@ssociated storm surges. More than 100 million people live
below 10 m elevation in this densely populated mega-delta
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region (Becker et al., 2019). Unsurprisingly, in the Bengal worth et al., 2016). The available limited set of water level
delta region, higher surge levels have a statistically signif-observations reveals regionally varying water level dynam-
icant correlation with the number of casualties in the pastics at long, as well as short, timescales (Tazkia et al., 2017,
cyclones (Seo and Bakkensen, 2017). Becker et al., 2020; Antony et al., 2016). For instance,
Figure 1 illustrates a representative subset of the deadlyntony et al. (2016) found a robust ampli cation of extreme
cyclones that occurred in the last ve decades. Table 1 listshigh water levels from south to north along the east coast of
the illustrated subset of cyclones and associated maximunndia. In their analysis, the tide appears as the largest con-
water levels. This list is not exhaustive and is only showntributor to extreme high-water events. At seasonal timescale,
here to illustrate the storm surge hazard. For a comprehensiv@azkia et al. (2017) showed a summer—winter variability in
historical catalogue of cyclones over the Bengal delta regionmean sea level along the Bengal delta coastlines reaching
see Alam and Dominey-Howes (2014). up to 70 cm in range. At decadal scale, Becker et al. (2020)
This small sample of cyclones and their associated surgshowed a consistent increase in relative sea level over the
indicate that cyclones can induce strong storm surges alondelta from an extensive database of daily water level records.
this macro-tidal region of the world, depending on the Nevertheless, due to the limited availability of water level
tidal condition on their landfall. The regional characteris- records, consistent estimation of water level hazard for storm
tics of the tide are predominantly semi-diurnal in this region surge from in situ observations is not yet realized in this re-
(Sindhu and Unnikrishnan, 2013). The tidal range is high,gion (Lee, 2013; Chiu and Small, 2016). The main challenge
reaching about 5m along the north-east coast (Krien et al.is to secure hourly (or higher temporal resolution) tide gauge
2016; Khan et al., 2020). Additionally, a sizable continental records that are long enough for reliable statistical analysis
river ow discharges through the distributaries of Ganges—(Unnikrishnan and Sundar, 2004). The separation of short
Brahmaputra—Meghna (Mohammed et al., 2018). The shaltimescale (driven by meteorological effects, among which
low coastal submarine delta with an average width of 50 kmsurges) from longer timescale (driven by tidal effects) on
provides favourable conditions for the development of largewater level variability poses another challenge. The failure
surges and strong interactions with tides (Krien et al., 2017b)of tide gauges during a cyclonic event is also commonplace,
The combination of all the aforementioned properties cancausing bias in the record of extreme water levels (Antony
give rise to high storm-driven water levels that have the po-et al., 2016; Krien et al., 2017b; Chiu and Small, 2016).
tential to inundate the low-lying delta region and to cause Hydrodynamic modelling of the storm surges has been
thousands of casualties (Murty et al., 1986). Considering thaused, with varying degrees of complexity, to curb the afore-
tidal range and strong tide—surge interaction, the term “wa-mentioned data unavailability problems — along both the east
ter level” is hereafter used to refer to the water level derivedcoast of India (Chittibabu et al., 2004; Jain et al., 2010;
from the dynamic interaction of tide, surges, and waves.  Sindhu and Unnikrishnan, 2011) and the coast of Bangladesh
Although we have opened our problem statement high-(Chowdhury et al., 1998; Jakobsen et al., 2006).
lighting the deadliness of the cyclones making landfall inthe Along the east coast of India, the approaches taken by
Bengal delta region, the number of casualties from the stormChittibabu et al. (2004) and that of Jain et al. (2010) are
surge has been reduced drastically over the last decadesmilar. Their estimation of the 50-year return period water
(Paul, 2009). This improvement is partly due to the gov-level involved determining a 50-year return level of the at-
ernmental effort to build cyclone shelters and pre-stormmospheric pressure drogR ) from the observed cyclone
preparedness. The local government and communities putecords. Afterwards, they used the pressure drop estimate in
substantial efforts to implement timely evacuations duringconjunction with arti cial cyclone tracks to spatially cover
storms. Continued development in the communications systhe area of interest. In their approach, the tide is added lin-
tem (e.g. mobile phone network) and improvement in theearly to the cyclone surge. For example, Chittibabu et al.
numerical storm and surge forecasting further facilitated the(2004) estimated the 50-year return period tidal water level
evacuation effort. Engineering structures like embankmentsand added it with the 50-year surge water level. On the other
which were built to promote agriculture through controlling hand, Jain et al. (2010) added the total tidal amplitude for
tidal ooding (Nowreen et al., 2013), also provided a sig- M2, S2, and K1 from the FES2004 global tidal atlas (Lyard
ni cant level of protection during storm surge events (Adnan et al., 2006) to the estimated surge water level. Both stud-
etal., 2019). For a recent storm, supercyclone Amphan, Khares considered an additional constant water level of 50 cm
et al. (2021a) show that the major mode of ooding was dueto account for the wave set-up. This approach by Chittibabu
to failure of the dikes, indicating either inadequate design,et al. (2004) and Jain et al. (2010) assumes that tide and surge
poor maintenance, or both. Con dent engineering design andio not have any interdependence and that the 50-year return
continued maintenance of these structures, however, dependisvel tide and 50-year return level surge add up to a 50-year
on the understanding of the variability in sea level, particu-return level tide—surge. Moreover, the wave set-up is assumed
larly the extreme water levels (Chowdhury et al., 1998). to be the same for all return periods in the sense that the lin-
Unfortunately, the variability in water level along the intri- ear addition of the wave set-up does not change the return
cate coastline of the Bengal delta is poorly observed (Woodyperiod of an estimated water level. For the Orissa coast in
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Figure 1. Population density in the Bengal delta covering Bangladesh and India. A subset of cyclone tracks that made landfall in past decades
is displayed as dashed lines. Inset shows the location of the study area. The colour-coded lines show the cyclone strength along its track ol
the Saf r—Simpson scale. TD and TS correspond to tropical depression and tropical storm, respectively. For the 1970 Bhola cyclone, the wind

speed is not available (NA) and is shown in grey. The associated number at the head of the cyclone tracks refers to the number of casualties

India (19 N-21 N), they both obtained a similar pattern of One notable issue with the approach of Sindhu and Unnikr-
combined total water level (combining surge, tide, and waveishnan (2011) is, however, the limited number of available
set-up) at a 50-year return period with an increase from 4.3 nstorm events. They derived the extreme water level along the
in the south to 8.5m in the north. The numbers reported in1200 km shoreline from 136 storm events, i.e. three events
Jain et al. (2010) (see their Fig. 10) seem to be the same gser 30km (typical footprint of storm surges). This spatial
those of Chittibabu et al. (2004) (see their Fig. 8b). Along sampling is potentially not adequate to capture the storm
the coastline of West Bengal (2M—20 N), the estimated surge water level at various phases of the tide. Additionally,
50-year return level ranges from 5 to 10 m. the storm parameters — notably maximum wind speed, radius
Sindhu and Unnikrishnan (2011) addressed the non-lineaof maximum wind, and central pressure — are collected over a
dependence of tide and surge with a coupled tide—surgéong period, and the homogeneity of the storm records is not
model. In their analysis, Sindhu and Unnikrishnan (2011)well de ned (Singh et al., 2020). Finally, these studies fo-
simulated 136 events spanning 1974 to 2000 to estimate maxcusing on the east coast of India do not cover the Bangladesh
imum water levels during those storms. They applied an ex{art of the delta, where a larger tide and a stronger tide—surge
treme value analysis on the estimated water levels using amteraction are observed (Antony and Unnikrishnan, 2013).
r largest annual maximum approach to determine the re- In the Bangladesh part of the delta, Chowdhury et al.
turn period of extreme water levels. Similar to Chittibabu (1998) estimated the water levels inside the estuaries with
et al. (2004) and Jain et al. (2010), Sindhu and Unnikrish-a one-dimensional model at a 10- to 50-year return period to
nan (2011) also found an increasing amplitude of the 50-plan the construction of cyclone shelters. In their approach,
year return level of total sea level from south to north alongthey used an empirical formulation to estimate the surge level
the east coast of India. The highest 50-year return periodor a given wind speed. To estimate the surge level at a given
water level was estimated in the northern edge — Sagar Isreturn period, they assumed that the surge height corresponds
land (21.72 N, 88.11 E) (8.7 m) and Chandipur (21.48l, to the wind speed of the approaching cyclone to that location
87.01 E) (6.9 m). Compared to the 50-year return water levelat half the return period. This relatively simple approximate
estimates of Chittibabu et al. (2004) and Jain et al. (2010), thesolution holds on this macro-tidal regime. Statistically, the
estimates by Sindhu and Unnikrishnan (2011) are inferior intidal water level is relatively high for about half of the cy-
water level by about 50 % throughout the coast of Orissa.clones — those making landfall during the high-tide part of
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the tidal cycle. Their estimated 50-year return period surgeples of such methods include distribution sampling (Rumpf
level ranges from 3 to 4 m along the central part of the deltaet al., 2007), the joint probability method with optimal sam-
from west to east. However, in the nal estimate for the de- pling (JPM-OS) (Toro et al.,, 2010), and the statistical—
sign water level for the cyclone shelters in their study, theydeterministic approach (Emanuel et al., 2006). Among these
added the spring tide level linearly. They did not, however, approaches, the statistical-deterministic approach is perhaps
provide an estimate of the total water level at the 50-year rethe most advanced. This modelling approach combines the
turn period. statistical generation of the storms with a deterministic evo-
Jakobsen et al. (2006) took an approach similar to Sindhdution and intensity estimation. The result is an ensemble of
and Unnikrishnan (2011) to estimate the extreme water levelphysically consistent cyclones representing the cyclonic ac-
For the Bengal delta coastline (of about 300 km length) theytivity of a basin's climate. The statistical-deterministic ap-
selected 17 historic cyclones that produced signi cant surgegproach has been successfully used to estimate the storm
during 1960-2000. The simulated 17 water level records asurge hazard at local scale (Lin et al., 2010; Krien et al.,
each model grid point were then tted to an exponential dis- 2015, 2017a), as well as at continental scale (Haigh et al.,
tribution to estimate the associated distribution parameters2013).
According to their estimate, the 100-year return period wa- It is noteworthy here that in a recent work by Leijnse et al.
ter level goes as high as 10 m at the north-eastern corner dq022), a combination of statistical storm modelling and hy-
the estuary. They also noted a rapid evolution of water leveldrodynamic simulation is employed to study the coastal haz-
with return periods along the shoreline of the lower part of ard over the Bay of Bengal. They modelled 1000 years of
the Meghna estuary. storm activity with TCWISE (Tropical Cyclone Wind Statis-
From the literature review, it is clear that the unavail- tical Estimation) and simulated them with a coarse-resolution
ability of data also hindered the previous attempts to mapunstructured grid hydrodynamic model (highest resolution at
the storm surge hazard using numerical models. This lack3 km). Their results indicate a substantial reduction in the un-
of data includes both the storm track records and associeertainty in the hazard estimate from the synthetic cyclones
ated storm parameters — e.g. pressure diép)( maximum  compared to the observed storm dataset. However, the ma-
wind speedVmay/, and radius of maximum windR). The  jor limitation of their model is the use of the globally avail-
recorded storm parameters also have inherent inhomogeneigble bathymetry in the nearshore zone, which is found to
due to gradual changes in observational techniques (Singhave substantial bias and consequently a signi cant impact
et al., 2020). Finally, the spatial and temporal coverage ofon the tidal hydrodynamics (Krien et al., 2016). The authors
the recorded storms is sparse relative to the size of the shor@lso acknowledge that the kilometric resolution used in their
line and sampling of tidal phases. Indeed, the past studies renodel is not enough for the region, as well as the exclusion
ported sensitivity of the surge level estimates to storm paramef tide and river discharge in their analysis. Particularly, the
eters around the Bengal delta region, both for the maximurmtide plays a major contributing role in modulating the storm
water level ( O(m)) and the inundation extent (O(km)) surge through tide—surge interaction (Krien et al., 2017b).
(Lewis et al., 2014; Hussain et al., 2017). Given the discussed context, the objective of this paper
Along with the data problem, the past modelling systemsis to estimate the risk of storm surge and associated ood-
suffered systematic error due to modelling simpli cation. ing across the Bengal delta using a high-resolution, ef -
Notably, the past studies often did not consider the tide-cient, and well-validated regional coupled storm surge model
surge interactions or wave set-up dynamically, e.g. Chit-developed based on a higher-accuracy regional bathymetry
tibabu et al. (2004) and Jain et al. (2010). Over the last(Khan et al., 2021a). To this extent, we integrated the wave-
decade, hydrodynamic modelling in this region saw signi - coupled hydrodynamic model of Khan et al. (2021a) for a
cant progress. Thanks to the improvement of bathymetry andarge ensemble (3600 cyclones, 5000 years of storm ac-
topography, tidal circulation is now comparatively well re- tivity) of synthetic cyclones generated through the statistical—
produced (Krien et al., 2016; Khan et al., 2019). On top of deterministic method, covering the whole range of natural
it, the implementations of the coupled hydrodynamic—wavevariability in storm frequency, size, intensity, and track lo-
model for cyclones have improved the realism of the extremecation, with a dense spatial distribution. The interactions
water level dynamics during storms (Krien et al., 2017b; among the tide, surge, and waves are modelled explicitly
Murty et al., 2016). These improvements in modelling nat- at high spatial resolution. We then used the ensemble mod-
urally call for revisiting the prospect of understanding the elling results to study the storm-surge-induced water level at
risk of ooding from cyclone-induced storm surges. The last various return periods up to 500 years. In Sect. 2, we de-
important piece in this risk assessment is the climatology ofscribe our modelling framework, boundary conditions, and
the storms. forcing generation strategy, along with validation for re-
Our understanding of the dynamics of the cyclones hascent cyclones. In Sect. 3, the discussion continues with the
also progressed over the last decade. Recent advancemeamrbbabilistic—deterministic cyclone ensemble. We show the
in this eld enabled translating climatic properties to large results of the modelled storm-surge-induced inundation map-
ensembles of statistically consistent storm events. Exam-
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ping in Sect. 4. A discussion is presented in Sect. 5, followed
by a conclusion in Sect. 6.

2 Storm surge model
2.1 Model description

We developed our modelling framework based on SCHISM
(Semi-implicit Cross-scale Hydroscience Integrated System
Model). SCHISM is a derivative model by Zhang et al.
(2016) built from the original SELFE (Zhang and Baptista,
2008). SCHISM solves the standard Navier—Stokes equa
tions with hydrostatic and Boussinesq approximations in an
unstructured grid, which can be discretized using a triangular,
or hybrid triangular—quad element. SCHISM also includes a
wetting and drying algorithm in the shallow areas. The use
of semi-implicit schemes, in combination with the Eulerian—
Lagrangian method for momentum advection, allows for us-
ing large time steps (typically several minutes for an hec-
tometric resolution grid) in SCHISM without compromising
the accuracy of the solution.

One of the consequential inputs in hydrodynamic models
is accurate topography and bathymetry data. Over the Bengajss
delta, the publicly available datasets do not provide enoughj
accurate data for reliable coastal modelling. We built our =

bathymetry dataset on top of the work done by Krien et al. _ L o
(2016). Their dataset is composed of a digitized nearshorg'gure 2. (a)Model domain with arrows indicating the open bound-

bathymetry over the coastal region of Bangladesh and Indiaarles.(k_)) Distribution of Manning coef cient. The ba_ckgrouno_l used
. . in (a) is taken from Blue Marble: Next Generation, credited to

a dedicated river bathymetry from th(_a Banglade_sh Water Denasa Earth Observatory.
velopment Board (BWDB), and a high-resolution topogra-
phy dataset over the Bangladesh part of the delta. We up-
dated the bathymetry dataset of Krien et al. (2016) with an
additional set of 34 new hydrographic charts collected fromframe. For all simulations described in this article, we have
the Bangladesh Navy, amounting to 77 000 sounding pointsused a two-dimensional barotropic con guration, which is
as well as a new embankment dataset from BWDB (Khanshown to reproduce well the tide and storm surges (Bertin
et al., 2019). See further details in the Supplement. et al., 2014; Krien et al., 2017b; Khan et al., 2021a). A time

We built our model mesh based on this bathymetry andstep of 300 s was found to be suitable for the resolution of
topography dataset. The model domain covers the Bay obur model (Khan et al., 2021a).
Bengal from 11N to 24 N, comprising the whole delta Hydrodynamically, our model is bounded on the ocean
and its surroundings (Fig. 2a). The model mesh is de nedand the riverfronts, with the no-slip condition for momen-
in latitude—longitude (spherical grid). We have used variabletum along the closed boundaries. Along the ocean boundary,
model resolution based on the topography and wave propagave have implemented a tidal water level derived from the 26
tion criterion, enhancing the resolution in shallow and sloppydominant tidal constituents of the global FES2012 tidal atlas
areas. The nal mesh resolution ranges from 15 km over the(Carrére et al., 2013). Sensitivity tests between FES2012 and
deep parts of the ocean to 250 m over the delta, amountFES2014 (Lyard et al., 2021) did not yield any signi cant dif-
ing to about 0.6 million mesh nodes and 1.1 million trian- ference for our model domain. The applied constituents are
gular elements. In order to take into account the embankM2, M3, M4, M6, M8, Mf, Mm, MN4, MS4, Msf, Mu2, N2,
ments information, we have aligned the mesh nodes alongNu2, O1, P1, Q1, R2, S1, S2, S4, Ssa, T2, K2, K1, J1, and
the contour of the embankments and set the height value&N2. In total, we implemented six open riverine boundaries.
of these nodes to the dike levels provided by BWDB. The For the rivers Ganges, Brahmaputra, Meghna, Hooghly, and
ow above the top of the embankments is controlled by the Karnaphuli, we have prescribed a discharge boundary con-
wetting—drying algorithm of SCHISM just like everywhere dition. We have implemented a radiating boundary condi-
else over the modelling domain. The model transforms thetion for the Rupnarayan river. To mimic the observed sea-
coordinates, and most of the calculation is done on a locakonal pattern of sea level reported by Tazkia et al. (2017), we
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have implemented a harmonically varying sea level along theduring a cyclonic storm have to be estimated from either nu-
southern boundary with a period of 1 year and an amplitudemerical weather models or satellite observations. Due to the
of 35cm, peaking in August. Over the whole domain of the high error associated with the commonly available humeri-
model, the astronomical tidal potential is also forced for 12 cal weather models, it is a fairly common practice in storm
constituents (2N2, K1, K2, M2, Mu2, N2, Nu2, O1, P1, Q1, surge modelling to infer the wind and pressure elds from
S2,T2). parametric cyclone models (Lin and Chavas, 2012). As the
The bottom friction is parameterized using Manning.s  computation of parametric wind and pressure elds is com-
We adopted an approach for the spatial distribution of theparatively light, this approach is also useful for sensitivity
Manning coef cient similar to Krien et al. (2016) and the studies based on various con gurations of a single storm (e.g.
one used in Khan et al. (2021a) (Fig. 2b). For the deeper partHussain et al., 2017) or from a large ensemble of synthetic
of the ocean (depth 20 m), we used a Manning coef cient cyclones (e.g. Krien et al., 2017a).
value of 0.02. In the nearshore zone, the Manning coef cient The associated error with these parametric cyclone mod-
was set to 0.013. In the rivers, a Manning coef cient value els varies with distance from the centre of the storms (Krien
of 0.01 was set. Unlike in Krien et al. (2016), for the inland et al., 2018). The most considerable uncertainties in estimat-
area, we adopted a Manning coef cient value of 0.07, whiching wind and storm are from the surface wind reduction fac-
is more reasonable for a vegetated land like the Bengal deltéor (SWRF) and the choice of gradient wind pro le (Lin and

(Bunya et al., 2010). Chavas, 2012). From a comprehensive comparison of para-
metric cyclonic wind elds with scatterometer observations
2.2 Coupling with wave model for 16 storms, Krien et al. (2018) showed that the relative er-

ror in the wind eld is minimized with a combination of para-
Our modelling framework is coupled online with the spectral metric wind elds. Following their ndings, we have used a
wind Wave Model 1l (WWMIII) at the source code level combination of Emanuel and Rotunno (2011) and Holland
(Roland et al., 2012). WWMIII solves the wave action equa- (1980) formulations to derive the parametric wind pro le.
tion over the same unstructured grid as the hydrodynamidNMe have applied a SWRF of 0.9 (Lin and Chavas, 2012;
core. It considers source terms for the energy input from windKrien et al., 2017b). The effect of storm translational speed
(Ardhuin et al., 2010), non-linear interaction in deep andis accounted for through a surface background wind reduc-
shallow water and energy dissipation due to white-cappingtion factor of 0.56 and a counter-clockwise rotation angle of
wave breaking, and bottom friction. We modelled the wave 19.2 as suggested by Lin and Chavas (2012). In all cases, we
breaking using the formulation of Battjes and Janssen (1978)used the Holland (1980) model to derive the pressure eld.
Alow value of the coef cient of breaking, D 0:1 (instead of ~ See the Supplement for further details.

D 1), is adopted to avoid over-dissipation over a very mild

slope region like the Bengal delta (Pezerat et al., 2020, 20212.4 Validation
Khan et al., 2021a). We have discretized our modelled spec-
tra into 12 directional and 12 frequency bins. For the cur-The performance of our model in simulating the tide was
rent resolution of the model (e.g. 250 m at the nearshore)documented in previous studies (Khan et al., 2019, 2020).
we found that the sensitivity of the resulting wave set-up isWe found that our model has a 2 to 4 times better repro-
negligible compared to higher-resolution discretization of theduction of tidal water level compared to global tidal models
spectra (36 directional and 24 frequency bins). The coupledand comparable performance with the previous state-of-the-
model is solved with implicit schemes, which allows large art models in this region (Krien et al., 2016). The total com-
coupling time steps. In our model con guration, SCHISM plex error calculated over four major tidal constituents — M2,
and WWMIII were set up to exchange water level and cur-S2, K1, and O1 — ranges from 5 to 20 cm, which is compa-

rent every 30 min. rable to other well-documented shorelines around the world.
Notably, the current model shows better performance around
2.3 Wind and pressure elds the mouth of Meghna estuary — a critical region with complex

hydro-morphodynamics (see the Supplement).
During a cyclone, the momentum transfer from the wind to  The observational network of tide gauges is sparsely dis-
the water column and the inverse barometer effect of theributed and typically non-functional during an intense cy-
pressure drop are the primary driver of the storm surge. Thusglone (Krien et al., 2017b). It is thus relatively dif cult to
an accurate enough representation of the wind and pressusehieve a thorough assessment of the model realism for most
elds in a numerical modelling framework is of prime im- of the historic cyclones. The quality of the tide gives a pre-
portance. In some well-monitored basins, there are extensivBminary assessment of the potential skills of our model in
networks of observational data which can provide relativelysimulating storm surges. Given that the wind and pressure
accurate wind and pressure elds during a storm. However, elds are adequately prescribed and that necessary physics —
the observations of these variables over the Bay of Bengal arparticularly the wave coupling — are incorporated, the model
virtually non-existent. As such, the wind and pressure eldsis expected to simulate a storm surge appropriately.
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In Khan et al. (2021a), the performance of the model3 Probabilistic—deterministic cyclone ensemble
used in this study in simulating storm surges is demonstrated
through a hindcast of the surge generated by a recent cy3.1 Synthetic storm dataset
clone — Amphan — that made landfall in this region. From
a set of in situ observations, it was found that the model perHere we use a large ensemble of 3600 synthetic storms pass-
forms well (5-10 cm peak water level error) in reproducing ing by the lower part of the Bengal delta. These synthetic
the maximum water level observed at multiple tide-gauge lo-storms were generated through the statistical-deterministic
cations distributed throughout the Bengal shoreline. approach of Emanuel et al. (2006) based on the climatic con-
To supplement the results shown in Khan et al. (2021a)ditions of the 1981-2015 period. The forcing background
we also performed a hindcast of the water level generated bglimate is derived from the National Center for Environ-
cyclone Sidr — another comparatively well-documented his-mental Prediction/National Center for Atmospheric Research
toric cyclone (Krien et al., 2017b). Figure 3 shows the water(NCEP/NCAR) reanalysis (Kalnay et al., 1996). In this
level evolution at four tide gauge stations around the landfallmethod, synthetic storms are generated in three steps. First,
location. The modelled water level is shown as black lines,a synthetic environmental wind eld is derived from a long-
and the observed water level records are shown as dots. Agrm dataset which conforms to the mean climatology. For
noted by Krien et al. (2017b), the tide gauge stopped workingour ensemble of storms, the environmental wind eld is de-
at Khepupara at the time of very high water. The error of therived from the NCEP/NCAR reanalysis dataset for the zonal
peak modelled water level typically amounts to 10—20 cm. Itand meridional wind components at 250 and 850 hPa. During
should be noted that, in their hindcast, Krien et al. (2017b)this step, the observed monthly means and variances are re-
shifted the time of landfall by half an hour to get a better spected, as well as most of the covariances. Monthly means
match of the timing of the peak water level. Here we retainedof sea surface temperature and atmospheric temperature and
the original Joint Typhoon Warning Center (JTWC) track, humidity are also used. In the second step, a set of tracks
hence the slight shift in phase of the water level. Moreover,is generated from a random eld of genesis points and a
both Krien et al. (2017b) and Khan et al. (2021a) combinedweighted mean of 250 and 850 hPa wind plus a correction for
their analytical wind and pressure elds (around the storm beta drift (Emanuel et al., 2006). The weight factor is tuned to
centre) with a background eld (far from the storm centre) best match observations of track displacements, and the rate
taken from global atmospheric models. Here we used onlyof seeding is calibrated to match overall observed storm fre-
the analytical wind elds to be consistent with the forcing quencies. Finally, the storm intensity is estimated along the
strategy used for the storm surge computation from the cytracks using a coupled ocean—atmosphere one-dimensional
clone ensemble (Sect. 3). The results from this experimenaxisymmetric model with parameterized effects of vertical
illustrated in Fig. 3 show that the peak water levels aroundwind shear (Emanuel et al., 2004). The wind shear is given
the landfall are captured well. This peak water level is theby the synthetic time series of winds determined previously.
main variable we will deal with in our storm surge hazard The output of this axisymmetric model is essentially the pa-
assessment. rameters of the radial structure of the pressure and wind eld,
In summary, the results of these experiments — cycloneexpressed as along-track series of central pressure, maximum
Amphan (Khan et al., 2021a) and cyclone Sidr (this section)wind speed, and the radial distance from the centre of the
—show that our model can successfully reproduce water levestorm where this maximum wind speed prevails. Previous
evolution, as well as maximum water level, during cyclonesapplications of this model include the assessment of storm
along the shoreline of the northern Bay of Bengal. surge hazard in Guadeloupe (Krien et al., 2015) and Mar-
In addition to the validation experiment described above,tinique (Krien et al., 2017a), storm surge return period in
we performed a hindcast for the cyclones shown in Fig. 1.New York City (Lin et al., 2010), and the estimation of wind
The corresponding maximum water level estimates from oumeturn period in Boston and Miami (Emanuel et al., 2006).
model are listed in Table 1. We adopted the JTWC best track Given that our geographic interest is focused on the Ben-
dataset for the cyclones' track and intensity information. Forgal delta, the cyclone ensemble comprises only the cyclones
the 1970 Bhola cyclone, the intensity of the cyclone was notthat pass through a 300 km radius centred on the centre of
available in the JTWC dataset. The motivation for doing sothe delta (de ned at 21.7IN, 89.57 E). The cyclone gen-
is not validation. As illustrated by Krien et al. (2017b) val- eration model was adjusted using a calibration factor based
idating for past cyclones is often dif cult due to the limited on the observed cyclone genesis and displacement character-
availability of water level data, which is further aggravated istics in the JTWC dataset. The calibration factor was set to
by the failure of the tide gauge during cyclonic storms. The 1.2, which indicates the rate of seeding for cyclone genesis
objective is rather to illustrate the typical variation in max- in the probabilistic cyclone generation model. With an aver-
imum water level that can occur during a cyclone along theage annual frequency of 0.7 cyclones, the ensemble of 3600
Bengal delta shoreline. cyclones considered here represents more than 5000 years
of cyclonic activity over the northern Bay of Bengal un-
der present climate conditions. The frequency of cyclones
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Figure 3. (a) Maximum simulated water level during cyclone Sidr. Comparison of simulated and observed water level during cyclone Sidr
at (b) Charchanga(c) Cox's Bazar(d) Hiron Point, ande) Khepupara. The station locations are show(en

Table 1. Simulated maximum water level for the cyclones shown in Fi§/dax is the maximum wind speed in knots, and Wix (Sim) is
the simulated maximum water level range over the delta shoreline in metres. NA signi es not available.

No. Cyclone Year Casualties Vmax WLmax (Sim)

1 Bhola 1970 200000-500000 100 NA
2 Gorky 1991 64 000-139 000 140 5-8
3 Sidr 2007 3500 140 4-5
4 Aila 2009 339 65 34
5 Roanu 2016 227 60 4-6
6 Mora 2017 135 80 2.5-3.5
7 Fani 2019 89 135 2.5-4.0
8 Bulbul 2019 41 85 3.5-45
9 Amphan 2020 118 140 3-5

making landfall along the shoreline (for each 20 kr20 km cally meaningful and statistically consistent. The consistency
pixel) is shown in Fig. 4a. The inset of Fig. 4a shows a subsebf the cyclone ensemble is illustrated through a comparison
of the cyclone tracks in the ensemble. with the observed JTWC statistics for maximum wind speed

This synthetic ensemble of storms is fundamentally dif- .Vmax/ (Fig. 4b) and seasonal distribution (Fig. 4c). Error
ferent from the hypothetical storms employed in past stud-bars in both cases indicate the standard error of the obser-
ies, e.g. Hussain et al. (2017). Hypothetical storms are typivation (i.e. short length of dataset) given the probability dis-
cally generated from a known storm by modifying its track tribution in the ensemble computed assuming a Poisson pro-
or strength or both, which could render some storms unrealiseess. A similar standard error estimate is obtained using a
tic. On the other hand, the storms in our ensemble are physibootstrap method (see the Supplement).
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Figure 4. (a) Spatial distribution of the paths of the cyclones that make landfall along the coast of Bengal delta. Each square bin is 20 km wide.
A small subset of cyclone trajectories is shown in the indg®tDistribution of maximum wind speed of the synthetic cyclones compared to

the JTWC datasef{c) Annual distribution of the occurrence of the synthetic cyclones compared to JTWC datgggtaiv(c), the error

bar indicates the standard error associated with the small sample size in JTWC dataset.

The distribution of the simulated maximum wind speed 3.2 Storm-surge-induced water level estimate from the
Vmax shows a good agreement with the observations from ensemble
JTWC (Fig. 4b). The standard errors for the JTWC dataset

indicate that the ensemble distribution &max is within Estimation of the extreme water levels associated with the

the range of observational uncertainty. storms in the ensemble is done in two steps. First, for each
Similarly, the seasonal distribution of the cyclone eNSeM-gy ihetic storm, the wind and pressure elds are derived, as
ble and thgt obser_ved fromJTWC bpth showawell-matchingexplained in Sect. 2.3. For the wind elds, we again em-
pattern with a bimodal seasonality (Fig. 4c) (Alam and ployed a combination of parametric models based on the
Dominey-Howes, 2014). In the Bay of Bengal, low-pressure ndings of Krien et al. (2018) to minimize the bias in in-
systems typically cannot intensify into a storm due to SoNgyividual parametric models. Here, for the inner core of the
vert_ical wind shear present during monsoon (‘]une_AUQUSt)cyclones.r <r 5o/, the wind eld is estimated using the
During the pre-monsoon (March—_May) .and POSt-MONS00N 1| of Emanuel and Rotunno (2011). On the outer core
(September—November), low vertical wind shear and h|gh_r> Drso/, we used the Holland (1980) model. The pressure
sea surface temperature provide a suitable condition for Iow-eld is estimated from the formulation of Holland (1980)
pressure systems to intensify. For all months, except April.¢o ol agial distances. The wind and pressure elds are up-
the ensemble cyclone density is typically within the range Ofdated every 15min with a linear interpolation of the associ-
observational uncertainty indicated by the error bar (Fig. 4C)'ated variables.
However, for our storm surge hazard analysis, no measurable Second, with wind and pressure elds, we calculate the

impact is expected from such intra-seasonal differences irlensemble of water level estimates using the same ocean—

cyclone distribution. The overall simulated bimodal temporal |, - coupled model set-up used for the hindcasts described
evolution of the synthetic cyclone indicates that the tempo-; 1,0 previous section. We achieved this ensemble of wa-

ral statistics captured by our statistical-deterministic methoqer level estimates through individual simulations of each
correspond well with the seasonal climatic characteristics. ¢ «ha 3600 storms — which amounts to 14 years worth of

model simulations. Along the open boundaries of the rivers
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Ganges, Brahmaputra, and Meghna, we have prescribed tare the extreme value statistics. The robustness of our results
time series of observed discharge sampled at the timestamgsr the selected return periods will be discussed further in
of the cyclones, which ranges from 1980 to 2015. We haveSect. 4. We linearly interpolated the water level at individual
applied a discharge climatology as the boundary conditioninteger return periods (in years) from the ranked dataset.

for Hooghly (Mukhopadhyay et al., 2006) and Karnaphuli

(Chowdhury and Al Rahim, 2012). Applied tidal forcing and

the tidal water level boundary are also consistent with the4 Storm surge hazard

timestamps of the synthetic cyclones. Similar to the model

set-up used for the hindcast experiments, we have also takehhe outcome of the statistical analysis consists of water level
into account the seasonal mean sea level variation in the Bagnaps at various return periods, spatially distributed on our
of Bengal by applying an annual harmonic on the water levelmodel grid. Figure 5a shows the water level at the 50-year
along the oceanic open boundary with a period of 1 yearmeturn period over the northern Bay of Bengal. The meaning
peaking in August with an amplitude of 35cm, as in Tazkia of the colour bar is twofold. At all grid points located below
et al. (2017). The coupling between SCHISM and WWMIII mean sea level, including the estuaries, the colour indicates
allows for accounting for the wave set-up induced by the ra-the water level above the mean sea level. At the grid points lo-
diation stress gradient of the waves (Longuet-Higgins andcated above mean sea level (e.g. inland), the colour indicates
Stewart, 1964). Similar to the model set-up for cyclone Am-the inundation depth above topography. This water level at
phan hindcast in Khan et al. (2021a) and for the Sidr hindcasthe 50-year return period is computed from the full ensemble
in this paper, the breaking coef cienf issetto 0.1 (instead of cyclone simulations using the empirical statistical method
of the default parameter D 1/ to avoid over-dissipation of described in Sect. 3.3, pixel-by-pixel. As such, the total wa-
the waves over the submarine part of the delta with mildter level at the 50-year return period has contributions from
slopes (Pezerat et al., 2021; Khan et al., 2021a). We also inhundreds of different cyclones of our ensemble. In our esti-
voked the wetting and drying algorithm in SCHISM with a mate, about 600 individual cyclones contribute to the 50-year
threshold of 10 cm depth of water for an element to be regis+eturn period water level over the illustrated region. To sup-

tered as wet. plement subsequent discussions, in Fig. 6 we also present the
water level estimates and corresponding 95 % con dence in-
3.3 Statistical analysis methodology tervals at a few station locations for a range of return periods

(up to 500 years). These station locations are shown as black

We have applied ranking-based statistical analysis to inferstars in Fig. 5.
the quantities at a given return period. To do so, at each The 50-year return period water level shows a similar spa-
node the quantity of interest (e.g. maximum water level,tial pattern as the mean high water, as shown in Fig. 5b,
maximum surge level) is rst sorted sequentially among theas well as the tidal range (Khan et al., 2020). We see that
3600 members, from the smallest value to the largest one. Aa dipolar pattern arises, with a very high water level in the
we mentioned, since our dataset consists of 3600 cyclonesorth-eastern (around 8&) and the north-western (around
with a yearly frequency of 0.7 cyclones, it corresponds t091.5 E) corners of the bay. In contrast, in the central region
5120 years of cyclonic activity. Once sorted in ascending or-(between 88.5 and 9E), there is a local minimum of about
der at each point of the model grid, each water level presen.25-2.5 min the estimated 50-year return period water level.
in the sorted ensemble corresponds to a return period rangdowever, among these two maxima, the 50-year water level
ing from 5120=3600 viz. 1.42 years (for the smallest re- in the north-eastern part reaches about 6m, twice as much as
turn period) to 5120 years (for the largest return period). Wethe 50-year water level in the north-western part of the delta
have used a bootstrap technique to compute the con dencébarely 3 m). At a 50-year return level, these estimates of wa-
interval for the return level estimates (Hesterberg, 2011).ter levels are objectively robust along the open coastlines,
Unless otherwise stated, we have pooled 10000 bootstraps well as inside the estuaries, with a couple of centimetres
samples of the same size as our ensemble (3600 cyclonesange in the computed 95 % con dence interval (Fig. 6).
with replacements and applied the above-mentioned ranking Inland, at a 50-year return period, a contrasting ooding
method without considering ties. pattern is observed. Two specic regions are found to be

Estimated quantities at return periods between 5 years ansdoded by a storm surge at a 50-year return period — one
500 years (at 5-year steps) are considered trustworthy in ouaround 21.5-22.9N, 89-90 E and another around 22.5—
subsequent analysis to make sure that our ensemble contai28.5 N, 90-91 E. The rst inundated region is the Sundar-
a large enough sample for each return level. Over the wholdans mangrove forest, which spans across the border between
Bengal delta at the 500-year level, the number of individ- Bangladesh and India. The region is a sanctuary and legally
ual unique cyclones that contribute amounts to about 50 (vizprotected region and thus devoid of any engineering interven-
an average of three cyclones per 20 km of shoreline). Abovdion, like embankments. The second inundated region along
500 years, the sample size for cyclones that contribute to théhe Ganges—Brahmaputra—Meghna (GBM) estuary, in con-
return period is smaller, which is potentially too small to cap- trast, is densely populated. According to the polder embank-

Nat. Hazards Earth Syst. Sci., 22, 2359-2379, 2022 https://doi.org/10.5194/nhess-22-2359-2022



M. J. U. Khan et al.: Storm surge hazard over Bengal delta 2369

Figure 5. (a) Inundation extent and corresponding water level at a 50-year return period. Black stars indicate the station locations for the
results shown in Fig. §b) Mean high water (MHW) derived from a year-long tidal simulati¢c). Water level for the 50-500-year return
periods expressed as a multiple of the MHW level along the nearshore dash-dotted line sfeyvemd(b).

Figure 6. Extreme water level evolution with return perioda} Sagar Roadgb) Hiron Point,(c) Charchangad) Chittagong(e) Diamond
Harbour, andf) Chandpur. These station locations are shown in Fig. 5. The shaded grey area indicates the 95 % con dence interval.

ment dataset used in our modelling, this region is not pro- Along the delta coastline facing the open ocean, the 50-
tected by the coastal polder network and is thus exposed tgear return period water level appears to be in contrast, as we
the risk of ooding. Other than these two regions, the sea-saw. To further illustrate this, we extracted the water level
facing inland areas are primarily found to be not ooded at at the various return periods along the black line shown in
a 50-year return level. These regions are protected by poldefig. 5a—b, and we display it in terms of multiples of the
embankments (typically earthen) (Khan et al., 2021a), hencenean high water level (MHW) along the line (Fig. 5c). The
creating this contrast in the pattern of the ooded area. MHW level, shown in Fig. 5b, is calculated from a 1-year-
long tidal simulation and taking the mean of daily (25h)
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tidal high-water estimates. Our motivation for such a dis-twice the 50-year return level. Further upstream, up to the
play stems from the similarly contrasting range of MHW estuarine bottleneck of Chandpur (23.2), the sensitiv-
along the shoreline — with two macrotidal poles in the north-ity of the water level to the return period is more moder-
western and north-eastern corners reaching around 2 m (ate, with around 50 % higher water level at a 500-year return
88 E) to 3m (at 91.6E) and a dip of 1 to 1.25m around period compared to the 50-year return level. At 95 % con -
90 E to 91 E. From Fig. 5c, it can be seen that through- dence interval these patterns remain robust from the mouth
out the cross-section, the 50-year return period water leve(Charchanga, Fig. 6¢) to Chandpur (Fig. 6f).
is around twice as much as MHW or higher. The increase In the Hooghly and Pussur estuaries, a contrasting pat-
in water level with the return periods along this nearshoretern is observed compared to GBM — the water level for
cross-section shows regional sensitivity. From the mouth ofthe longer return periods rises much more sharply in the up-
Hooghly estuary to the region of the Sundarbans mangrovestream part than in the downstream part. Along the Hooghly
forest (88 E-89.5 E) the water level evolves moderately, estuary, the sensitivity of the water level to the return period
with the return period showing only a 50% increase fromis moderate for the rst 100 km but ampli es considerably
the 50-year return period to 500-year return period. On thefurther upstream. This ampli cation appears to be linked to
other hand, when approaching the mouths of the Meghna edhe changes in the tide along the estuary (see the Supple-
tuary, between 90.% and 91 E, the pluri-centennial wa- ment). The 95 9% con dence interval of the water level esti-
ter level increases sharply with the return period to reachmate inside the Hooghly estuary (Diamond Harbour, Fig. 6)
more than twice the 50-year return period water level foris also considerably wider after the 250-year return period.
the 500-year return period. The maps of water level over the Along the Pussur estuary, weak variation in the water level
delta obtained for return periods ranging from 5 to 500 yearsacross the various return periods is seen over the rst 25km
are shown in Fig. 7. The regional pattern of water level atand then shows a moderate evolution towards upstream.
various return periods consistently shows the same bi-polafhese upstream patterns remain robust at 95% con dence
pattern throughout the return periods investigated here, froninterval, as shown for Hiron Point (Fig. 6b) which is located
the 5- to 500-year return periods (Fig. 7). Throughout these30 km from the mouth.
return periods, the con dence interval of the estimated wa-
ter levels along the open coastline remains reasonably tight
(Fig. 6a—d). At lower return levels (5 to 200 year), the con - 5 Discussion
dence interval range remains typically below 5 % of the wa-
ter level estimate. At higher return levels (200 to 500 year),5.1 Synthetic cyclone ensembles statistics
the con dence interval range is comparatively tighter for the
central part of the delta, reaching about 10% of the waterThe synthetic cyclone dataset used in this study makes our
level (Fig. 6b). On the eastern (Fig. 6¢c—d) and western polegstimation inherently different from most of the previous at-
(Fig. 6a), the con dence interval range varies between 15 %tempts to map the storm surge hazard along the shoreline
and 20 % of the water level estimate. of the Bengal delta. The underlying statistical-deterministic
The inundations in the mangrove region around 885 approach of our storm database provides three signi cantim-
seem to have a large saturation effect on the evolution of th@grovements over the previous approaches used over the Ben-
return period of the water level. There the water level remainggal delta. First, the random genesis of the storms induces a
practically the same for the various return periods, slightly probabilistic nature of the population of the storms. Second,
rising from 2.5m at a 50-year return period to 3 m at a 500-the deterministic evolution of the storms makes sure that the
year return period with a tight con dence interval (Fig. 6b). resulting population of tracks are physically valid, which is
We also see this evolution in Fig. 7. consistent with the ocean—atmosphere coupling to a reason-
The ooding extent in the estuaries and adjoining areasable extent. The resulting statistical distribution of maximum
changes signi cantly from the short return periods to the wind speed of the storms shown in Fig. 4b gives con dence
longest ones (Fig. 7). We selected the three main estuarieis the capability of the statistical-deterministic approach to
to take a closer look at the evolution of water level with the capture the actual behaviour of the ocean—atmosphere sys-
return periods. These are GBM on the eastern side (Fig. 8atem over the Bay of Bengal. Third, a large enough popula-
b), Pussur estuary in the central mangrove region (Fig. 8c-tion of storms allows both an appropriate spatial coverage
d), and Hooghly estuary on the western side (Fig. 8e—f). Theof the coastline and appropriate temporal coverage of the
water level at the various return periods is extracted along theluri-annual to pluri-centennial return periods of interest here
lines shown in Fig. 8a, ¢, and e and shown as a multiple of(Fig. 4a, c).
the 50-year return period water level in Fig. 8b, d, and f. The distribution of the cyclones along the shoreline shown
In the GBM estuary, the water level increases sharply within Fig. 4a illustrates a dense population of cyclones mak-
increasing return period along the whole cross-section coning landfall along the convex delta front (88-91 E). A
sidered here, as shown in Fig. 8a—h. Over the downstreamlarge number of storms is also observed along the eastern
most 50 km, the 500-year return level reaches more thartoast of Bangladesh. This landfall pattern corresponds to
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Figure 7. Inundation extent and corresponding water leveba-year,(b) 10-year,(c) 20-year,(d) 50-year,(e) 75-year,(f) 100-year|g)
250-year, angh) 500-year return periods.

previous observations that the cyclones making landfall orwater level estimate for the 5- to 500-year range of return pe-
the Bangladesh coastline tend to move north-eastward (Aliriods presented in Fig. 6 corroborates the robustness of our

1996; Akter and Tsuboki, 2021; Mondal et al., 2021). estimate.
It appears that the water level has a similar regional dis-
5.2 Inundation extent and consistency tribution as tidal amplitude with two maxima in the north-

eastern and north-western corners and a relative minimum in
The storm surge inundation hazard has signi cant spatialbetween (Fig. 5a—b). At the mouth of Hooghly, in the north-
variability across the Bengal delta region (Fig. 5). Our un- western corner of the delta, the 50-year return period water
derlying statistical analysis is an empirical rank-based returrievel is about 3.5 m. The 50-year water level reduces to about
period estimation, which requires the ensemble size to b& m when moving eastward at the mouth of the Pussur river.
large enough to achieve a smooth spatial and temporal resFurther eastward the water level increases again to reach
olution. Visibly, the water level estimation at the 50-year re- about 6 m along the shoreline of Sandwip Island (215
turn period shown in Fig. 5a follows a smooth pattern over91.6 E) and Chittagong (22.59N, 91.7 E). This estimated
the Bengal delta region. In our estimate, about 600 and 40Qvater level is on average twice as much as the mean high
unique cyclones contribute to the 50- and 100-year return pewater level (Fig. 5¢). We found the highest 50-year return
riod water levels, respectively. In other words, for a given period water level at the eastern side of the mouth of Meghna
return period the associated water level is pulled in from aestuary (90E-91 E). There the 50-year return period water
large number of individual cyclones, which in turn includes level reaches thrice as much as the mean high water.
cyclones with a range of intensities making landfall at var-
ious phases of the tide. Indeed, this spatial smoothness 8.3 Comparison with previous estimates
water level is observed for all the return periods we analysed
from 5 to 500 years (Fig. 7), indicating a robust estimate of As mentioned previously, a reliable estimate of the return pe-
the storm surge water level. The con dence interval for theriod of storm surge water level over the Bengal delta has not
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Figure 8. Water level as a function of the return period, expressed in multiples of the 50-year return period water level along the dashed lines
shown in red fola—b) Ganges—Brahmaputra—Meghna estu@ryd) Pussur estuary, ani@—f) Hooghly estuary. The& axis is the distance
from the mouth of the estuary in kilometres. The background shading in p@)els), and(e) shows the bathymetry in metres.

emerged due to the gap in data, as well as modelling limita-of storm event simulation results. We have rst extracted
tions. A comparison is presented here with the previous estithe tidal water level from the 3600 cyclones that we sim-
mates by Lee (2013) and Jakobsen et al. (2006). Lee (2013)lated. Then, for each cyclone, we extracted the maximum
did an extreme value analysis of the observed time series ovesurge level. Finally, on this maximum surge estimate, we ap-
1977-2009 (33 years) at Hiron Point tide gauge located orplied the same ranking-based return period estimate. At Hi-
the central Bengal shoreline (2118, 89.5 E). For this pur-  ron Point, our estimation of surge amounts to 1.77 m [1.68—
pose, he decomposed the time series using the ensemble eth85] at 50-year and 2.31m [2.12—-2.47] at 100-year return
pirical mode decomposition approach. He reconstructed thgeriods. The range in the parentheses is the 90 % con dence
water level by only keeping the very high-frequency3h) interval. At a 50-year return period, with a difference of only
and very low-frequency modes. This process essentially re14 cm (inferior in Lee, 2013), our estimated value is com-
moved the tide from the water level and retained the de-tidecparable to the estimated value by Lee (2013) from the ob-
residual (i.e. surge). Using a yearly maximum method, inservation time series. The con dence interval was twice nar-
his extreme value analysis, he obtained a 1.66 m [1.50-1.95jower compared to Lee (2013). It should be noted that the
surge level at a 50-year return period and 1.75 m [1.57-2.14¢stimated 50-year return period water level from our ensem-
at a 100-year return period. The range in the parentheses igle is about 3 m at Hiron point. At a 100-year return period,
the 90 % con dence interval. the estimate of Lee (2013) was underestimated compared to
In the previous section, our analysis was focused on theours by 56 cm.

water level rather than surge level. To compare with the es- The evolution pattern of 50-year return period water level
timate of Lee (2013), we reprocessed the whole ensemblés consistent with the previous estimates but with varying de-
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gree of agreement on the amplitude (Jakobsen et al., 20080or the unstructured-grid hydrodynamic model, 2 km for the
Sindhu and Unnikrishnan, 2011). From an ensemble of 17%tructured-grid wave model), which is not enough to model
historic cyclones, Jakobsen et al. (2006) estimate that théhe complex shoreline and shallow coastal domain of the
100-year return period water level reaches about 5m at th@orthern Bay of Bengal, particularly the wave breaking and
mouth of Meghna and about 8-10 m around Sandwip (seassociated set-up. The parameterization of the wave breaking
their Fig. 5). A similar pattern has emerged in our analysismodel might also not be well tuned for the very mild slope of
but with a much different water level estimate. We estimatethis region (inferior to £5000). As shown by Pezerat et al.
that the 100-year return period water level is about 4 m at thg2021), the default parameterization in wave breaking mod-
mouth of Meghna, reaching about 6 m around Sandwip. Inels can induce over-dissipation over such mild slope regions
general, the water level estimates of Jakobsen et al. (20068nd underestimate the wave set-up by as much as 100 %.
are consistently larger than the ones presented here. It idditionally, no discharge is imposed along the Ganges—
noteworthy that the modelling framework of Jakobsen et al.Brahmaputra where the surge can interact with the river dis-
(2006) does not take into account the wave set-up. Howevercharge and propagate far inland (Khan et al., 2021a). Finally,
the limited and potentially biased sampling of the “strongest” Leijnse et al. (2022) used extreme value analysis based on
cyclones (17 in total, over 40 years) leads to an overestimathe POT method and exponential distribution tting to infer
tion of the storm surge level. the return period surge level, which could induce further er-
Along the eastern part of the West Bengal shorelineror linked with the choice and tting of the distribution, as
(87 E-88 E), Sindhu and Unnikrishnan (2011) found an well as the threshold for the POT method.
increase in water level when moving northward. Similar to
Jakobsen et al. (2006), the pattern of water level they es5.4 Return period of previous cyclones
timated is similar to ours, but their values are signi cantly
larger than ours. At Sagar Island, their estimated 5- and 50From the hindcasts of previous cyclones — cyclone Sidr and
year return period water levels are 6.92 and 8.74 m, respeceyclone Amphan — a wide regional variation in the return pe-
tively. In our estimation, the 5- and 50-year return period wa-riod of the maximum water level during storm surge is found.
ter levels are 2.75 and 3.5m above mean sea level, respec- The maximum water level estimates from our hindcast of
tively. It is not clear if the estimate of water level provided the Sidr cyclone (see Fig. 3) shows a strong surge near the
by Sindhu and Unnikrishnan (2011) is relative to mean sedandfall location where it reaches 6 m along the shoreline of
level. It should be noted that the mean estimated high wateKuakata and remains strong in the connected tributaries. This
at Sagar Island is about 1.75m above mean sea level, whictvater level amounts to a return period of about 500 years.
is only one-fourth of the estimated 5-year return period waterAt the same time, the maximum water level hindcast along
level (6.92 m) by Sindhu and Unnikrishnan (2011). the coast of Chittagong and Sandwip is about 4.5m, which
Leijnse et al. (2022) used a somewhat similar approactcorresponds to a roughly 50-year return period water level at
to ours. They used an extreme value analysis on the surgthat location (Fig. 7).
estimate of 1000 year simulated cyclonic activity using Compared to Sidr, the regional variation in maximum wa-
peak-over-threshold (POT) method and an exponential t.ter level is much less pronounced for cyclone Amphan (Khan
In their estimate, the surge level (from tide-free simulations)et al., 2021a, see their Fig. 5). The maximum modelled water
at Charchanga and Chittagong at a 100-year return periotevel reached about 5m around 88K which corresponds
is about 2.8m [2.5-3.1] and 3.3 m [3.1-3.6], respectively.to a 250-year return period (Fig. 7). At the landfall location
The range in the parentheses is the 95% con dence interof Sidr (around Kuakata), about 100 km eastward, the max-
val. To compare with the estimate of Leijnse et al. (2022) weimum water level is estimated to be 2.5m, corresponding to
have re-simulated the ensemble of our 5000-year cycloni@a 50-year return level. Similar to Sidr, the water level along
activity (3600 cyclones) again but without incorporating the the Sandwip coast during Amphan reached about 4.5m, i.e.
tide. In our estimate, the 100-year return period surge leveh 50-year return level.
is 3.6m [3.4-4.0] and 4.1 m [3.8-4.3] for Charchanga and
Chittagong, respectively. In other words, in these two loca-5.5 Role of embankments
tions, the estimate of Leijnse et al. (2022) is more than 60 cm
lower than ours, while the con dence interval range betweenFrom the various maps af-year return period inundation
their study and ours is essentially the same. extent and water level shown in Fig. 7, it is clear that the
Several factors might underlie this difference between theembankments play a vital role in the storm surge ooding.
estimate by Leijnse et al. (2022) and ours. As discussed beAlthough these embankments were established for control-
fore, the modelling framework of Leijnse et al. (2022) is an ling tidal intrusion to promote agricultural activity, the initial
extraction of a global model relying on global bathymetric designed heights appear to be relevant, providing consider-
data which suffers from large bias in the northern Bay of able protection during extreme events. Our estimate shows
Bengal region (Krien et al., 2016). The model resolution usedthat, under current climate cyclonic activity, for the embank-
in Leijnse et al. (2022) is also kilometric (3km or higher ment heights implemented in our model, the embankments
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start over owing at the 75- to 100-year return period water 2. We set the pixels in the population dataset associated

levels (Fig. 7). with topography below mean sea level in the model to
The level of embankment protection estimated here must  null. The pixels outside the model boundary are also set
be taken with caution as we are limited by the availability to a null value.

of the embankment information and up-to-date status report. )

These earthen embankments are poorly maintained (Islam 3: For each return period, we counted the exposed popula-

etal., 2011), whereas our modelling approach essentially as-  tion if the pixel is registered as inundated in step 1.

sumes that their geometry is constant in time (implying that

they can not be altered by any devastating cyclone typically) P :
7 ) 'the Bengal delta extent shown in Fig. 9a amounts to 32 mil-

This is not the case as shown by Khan et al. (2021a) in thelrI g g

in which thev found the b hi fh ion. This count amounts to the fraction of the Bangladesh
newspaper survey, in which th€y found the breaching o epopulation living at an elevation of 5m or less. The estimated
embankment to be the prevalent cause of ooding inside

i . ) 3ize of the exposed population at various return periods of in-
polder during cyclone Amphan. The information of embank- undation is shown in Fig. 9b. The shaded region in Fig. 9b is

mznts SEIQE u_?ﬁd n :hel model ?fhth'shftu?t/h's more ghanthe 95 % con dence interval of the exposed population esti-
a decade old. The actual current neight of these em anlﬁ'nate. These estimates correspond to the population exposed

21etnts ;S unlknown. Aldd't'??]al.ly’hln. our er_T(;bznkment he'gr:]t&_c; the 95 % con dence interval of the water level estimates.
ataset, only one value ol height IS provided across €ach of, . astimate shows that about 1 million people currently live

the embankments. In reality, we expect a spatial Variatior\/vithin the 5-year return period ood level area. Even if the

in embankment height. Considering all these factors, the €S53 mbankments were to work without failure during a cyclone,

Sbout 2.5 million more people (95 % con dence interval: 2.3,
2.9) would get exposed to the ooding of a 50-year return pe-
Yiod. This additional count of the population represents about
8% of the total population living inside the study area. At
a 100-year return level, the fraction of exposed people in-
creases to about 16 % of the total population inside the mod-
elled domain.

. _— . In this assessment, we did not consider the probable (al-
StO”T‘ SUrge 1S a sign cant haz_ard for the large pOpulatIf)nthough not publicly documented) existence of city protection
that lives in the Bengal delta. Figure 9 shows the populatlonembankmems at local scale, which may distort the patterns

density in Bangladesh part of the delta area with a grey COIOurof Fig. 7a locally. We did not consider either the potential

bar based on the Global Human Settlement (GHS) pOpul"J‘EJIegradation of the earthen dikes and possible dike breaching

tion dataset of 2015 (Schiavina et al., 2019). This datas'ehuring an intense cyclonic event. Knowledge of these factors

is based on the GPWv4 dataset (CIESIN, 2016) iIIustrateqNiII surely impact the anticipated exposure of the popula-

n ';'/g 1 but d|sla gglredga;te;j from _tge OIT%'nal g%m'tn.'gtr?t've'{livon to ooding suggested by our analysis. Instead, our focus
angjor census-leve: data 1o a grid-ceti-based distribution oy, ¢ ainly on the physical mechanism of the ooding from

the built-up areas (Freire et al., 2016). The contours of the

di tent at ret iod ing f 5 10 500 storm surges. Despite these limitations, our exposed popula-
ooding extent at return periods ranging from 5 1o Years tion map provides useful and spatially continuous informa-
are shown in colour.

As th lation dat ided lar latitud tion at relevant spatial scales to document the exposure to
S the population data are provided on a regular 1atitude-—, ., surge ooding and to better understand the environ-
longitude grid and the model grid is unstructured, it is rst

: ; | mental risks to the vast, densely populated Bengal delta con-
necessary to map the inundation over the population dataseﬁhuum
We took the following steps for mapping. '

The estimated population living in our model domain over

over owing might be overestimated. In other words, the em-

period water level event, when in reality it is over owing at
a lower return period.

5.6 Population exposure

1. We interpolated the modelled return period water levelsg  Conclusions and perspectives

to the same regular latitude—longitude grid as the pop-

ulation dataset (250 m resolution). As the model grid In this study, we present a robust estimate of the return period
is triangular, we used a linear triangulation interpola- of water level over the whole Bengal delta shoreline under
tion method. We also interpolated the bathymetry ontocurrent climate conditions. We based our estimates on a large
the population grid in a similar fashion. After the wa- ensemble of statistically and physically consistent cyclones
ter level interpolation, we considered a pixel inundatedand high-resolution coupled hydrodynamic modelling. For
if the inundation level is 10 cm above the topography. the rst time, we estimated the extreme water levels asso-
A version of the interpolated return period water level ciated with storm surge for a broad range of return periods
dataset (Khan et al., 2021b) is made publicly availablefrom 5 to 500 years at sub-kilometric spatial resolution over
to accompany this article (see “Code and data availabilthe Bengal delta. We reported a complex pattern of water
ity”). level extreme values both along the shorelines and within
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Figure 9. (a) Spatial coverage of ooding at variomsyear return periods estimated from the model. The grey colour bar shows the population
density per square kilometréh) Number of people affected at varionsyear water level return periods. The shaded area shows the 95 %
con dence interval.

the estuaries. Compared to previous studies, and despite ofuture climate (Emanuel, 2021). We acknowledge the poten-
comprehensive modelling framework explicitly accounting tial compounding effect of rainfall during the storm on in-
for the various components of the storm surges (includingland ooding which is not considered in our analysis. While
the waves), we concluded with a water level at a given returnour modelling framework is capable of incorporating rainfall,
period lower than most of the past studies — e.g. Jakobsethe mechanisms of pluvial ooding during cyclonic storms
et al. (2006). On the other hand, we concluded with a higherare not yet established in this region, and they are expected
surge level compared to the past studies — e.g. Leijnse et ato depend strongly on the topography, embankments, dense
(2022). We show that embankments play a signi cant role in network of road, and hydraulic structures in place. We also
determining the ooding pattern. Our estimate suggests thatemain humble about the potential drawback in our model
at least 10 % of the coastal population is currently exposedset-up resulting from our inaccurate knowledge of the ac-
to storm surge inundation at a 50-year return period. The retual height of the embankments and potential existence of
turn period water level derived here could provide valuablecity protection embankments (Khan et al., 2021a), so the up-
information for robust engineering, social and economic as-stream ooding extent seen in Fig. 7 may be considered with
sessments, and future policy decisions. The maps of watecaution. One may revisit these questions once a more reli-
level extremes we worked out should also be a valuable basiable and consolidated database of bathymetry and topogra-
for zoning the risky areas and should favour an ef cient re- phy (especially dike heights) becomes available across the
source allocation for pre-cyclone preparedness. The diversdelta region.

range of extreme water level should also nourish future re-

search directions to better understand the dynamics of ex-

treme water level over the continuum of the Bengal delta.Code and data availability.The instructions to download and in-
Evidently, continued future research is necessary under thétall the model used in this study can be accessed freely
threat of climate Change with unavoidable sea level rise (Op.at https://github.com/s_chism-dev/schism (SCH|SM development
penheimer et al., 2019; IPCC, 2022), land subsidence an&aa_m, 2020). The estimated storm surge \S/ater level gt a return
morphological changes (Paszkowski et al., 2021), and potenP€'i0d ranging from 25 to 500 years on a S@gular latitude-

tial increase in the frequency of devastating cyclones under
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longitude grid can be found at https://doi.org/10.5281/zenodo.Ali, A.. Climate change impacts and adaptation as-

5614101 (Khan et al., 2021b). sessment in Bangladesh, Clim. Res., 12, 109-116,
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