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*Highlights (for review : 3 to 5 bullet points (maximum 85 characters including spaces per bullet point)

e We analysed floods in the coastal zone in Bangladesh in every year within 1988-2012
e Pluvial flooding resulted in 11.4% of the domain being flooded, on average

e Fluvio-tidal and surge floods were less frequent but caused more inundation

o Construction of the polders has increased the extent of pluvial flooded area

e Polders have provided some protection against storm surges and fluvio-tidal events
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Have coastal embankments reduced flooding in Bangladesh?

Abstract

From the 1960s, embankments have been constructed in south western coastal region
of Bangladesh to provide protection against flooding, but the success of the polder
programme 1is disputed. We present analysis of floods during the years 1988-2012,
diagnosing whether the floods were attributable to monsoonal precipitation (pluvial
flooding), high upstream river discharge into the tidal delta (fluvio-tidal flooding), or
cyclone-induced storm surges. We find that pluvial flooding was the most frequent, but
typically resulted in less flooded area (11.44% of the region on average) compared with the
other forms of flooding. The greatest area of inundation (48% of total area) occurring in 2001
as a consequence of fluvio-tidal and surge flooding, whilst cyclone Sidr in 2007 flooded 35%
of the area. We modelled these different forms of inundation to estimate what flooding might
have been had the polders not been constructed. For the ‘no embankment’ counter-factual
scenario, our model demonstrated that because of a combination of subsidence and
inadequate drainage, construction of the polders has increased the pluvial flooded area by
6.5% on average (334 km?). However, during the 1998 fluvio-tidal flood, the embankments
protected an estimated 54% of the area from flooding. During the cyclone Sidr storm surge
event, embankment failure in several polders and pluvial inundation resulted in 35% area
inundation, otherwise, the total inundation would have been 18% area. We conclude that
whilst polders have provided protection against storm surges and fluvio-tidal events of
moderate severity, they have exacerbated more frequent pluvial flooding and promoted
potential flooding impacts during the most extreme storm surges.

Key words: Bangladesh coastal embankment; extreme events; flood classification; pluvial

flood; fluvio-tidal flood; storm surge flood
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1. Introduction

Structural flood defence systems are one response to flood hazards (Bamberg et al.,
2017). While embankments, levees and dikes usually provide flood protection up to a given
severity of flooding, these structures are costly and may exacerbate flooding under some
circumstances, as well as potentially encouraging the build-up of exposed people and assets
(Hui et al., 2016).

Due to the deltaic geographical setting and high population density, Bangladesh is
well-known as being vulnerable to flooding (Islam et al., 2016b; Moniruzzaman, 2012). The
coastal region is subject to multiple flood hazards, including pluvial floods, which are
inundations induced by monsoon precipitation, fluvio-tidal floods and storm surge-induced
floods (Abedin and Shaw, 2015; Alam et al., 2017; Brouwer et al., 2007; Haque et al., 2018;
Islam et al., 2016a). The impact of several catastrophic floods impelled the Bangladesh
government to construct coastal embankments in the 1960s to protect agricultural land and
communities (Nishat et al., 2010; Paul and Rashid, 2017; Rahman and Salehin, 2013).
Coastal embankments have compartmentalized a portion of coastal region into polders. Their
construction was accompanied by the excavation of drainage channels and sluice gates to
impede salt water intrusion in the dry season, drain excessive rain water, and allow fresh river
water flow to polders in the wet season for irrigation purposes (Masud et al., 2018).

The coastal embankment programme had a profound influence on the geomorphology
of the coastal zone, as well as contributing to a transformation in human settlement patterns.
The embanked region experienced rapid land use change (Abdullah et al., 2019; Akber et al.,
2018). In the last couple of decades, a substantial growth in shrimp farming, replacing
agricultural lands, is reportedly associated with soil salinity promoted by the intrusion of
saline water in polders (Mukhopadhyay et al., 2018). Moreover, storm surges and pluvial

flooding inundated agricultural lands, which has been reflected in a net reduction in land use
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for agriculture (Khan et al., 2015). In this naturally dynamic sediment system, reducing flow
in the channels of the delta, due to the separation of upstream river ‘Mathabhanga’ from the
river Ganges, caused siltation in the riverbed (Alam et al., 2017). Polders simultaneously also
impeded sedimentation within embanked region and resulted in land subsidence inside the
polders (Auerbach et al.,, 2015). As a result of reduced sediment supply or irregular
sedimentation, compaction of sediment, and anthropogenic activities (e.g. shrimp farming)
(Brammer, 2014; Brown and Nicholls, 2015), the coastal region on average experienced
about 2-3 mm/year of land subsidence (Brown and Nicholls, 2015). In addition, physical
deterioration and unreliable operation of the sluice gates caused prolonged inundation during
the monsoon period (Auerbach et al., 2015; Choudhury et al., 2004; Van Staveren et al.,
2017). The earthen embankments are subject to riverbank erosion which can breach the
polders, a process that can be exacerbated by tropical cyclones and lead to extensive flood
damage (Bhuiyan and Dutta, 2012; Haque and Nicholls, 2018). The polders have also been
criticized for their impact on coastal habitats and ecology (Roy et al., 2017).

Though these criticisms of polderization are widely reported (Alam et al., 2017;
Auerbach et al., 2015; Tareq et al., 2018), it has proved difficult to provide quantified
evidence of the effect of the coastal embankment programme because (i) the flooding
processes are complex and derive from many sources and (i1) it is difficult to establish what
the extent and severity of flooding might have been had the coastal embankments not been
constructed. This paper seeks to address both of these challenges by (i) analysing past events
to diagnose different types flooding and (ii) estimating the extent of flooding that could have
occurred had the polders not been constructed. The first challenge is addressed through
empirical analysis of the hydrometeorological factors that can explain the severity of
observed floods, whilst the second is tackled by constructing models of different types of

flooding.
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2. Materials and methods

This research was conducted in two stages (Fig. 2). First, a series of flood
observations for the years 1988-2012 were obtained from remote sensing imagery. Records
of rainfall, river water level, and surge levels for the same period were used to identify the
main type of flooding for each observed event. Second, the counter-factual scenario without
the construction of coastal embankments was modelled in order to hypothesise how the
flooding might have been different without the polders.

2.1. Flood hazard of south western coastal region of Bangladesh

The study addresses the south western coastal region of Bangladesh (Fig. 1) which is
vulnerable to fluvio-tidal flooding, monsoonal precipitation induced pluvial flooding, and
storm surges (Bhuiyan and Dutta, 2012; Gain et al., 2017). In the dry season, tidal oscillations
dominate the low flows in the river channel in this region, making it susceptible to salt water
intrusion. Before polder construction, a common practice from local people was to build
temporary earthen embankments in the dry season to protect the land from salinity and
remove those in wet season to enable sedimentation. Starting in 1960 a total of 44 polders
were built in the Coastal Embankment Project (CEP) (Nowreen et al., 2014; Paul and Rashid,
2017), protecting 5187km” (WARPO, 2018). Polder construction transformed the coastal
region into an agriculturally productive zone and encouraged people to settle within the
polders (Nowreen et al., 2014). Conversely, polder construction de-linked the floodplain
(Talchabhadel et al., 2016) and induced several problems including river flow reduction,
siltation in tidal channels, drainage congestion, waterlogging, land subsidence, polder
breaching, soil salinity, etc. (Auerbach et al., 2015; Choudhury et al., 2004; Gain et al., 2017;
Nowreen et al., 2014; Paul and Rashid, 2017). For instance, polder construction has resulted

in 1.0-1.5m of land subsidence inside an embanked area (Polder 32), whereas the outside of
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this embankment, the neighbouring Sundarban mangrove forest, has remained comparatively
unchanged (Auerbach et al., 2015).

In response to multifaceted problems related to polders, over the years the
government of Bangladesh, in cooperation with various international donor agencies, have
implemented several projects. The World Bank, who supported the CEP project, has started
the Coastal Embankment Improvement Project (CEIP) Phase I in 2015, which is
rehabilitating and/or reconstructing several polders, as well as upgrading the drainage
channels and structures (Paul and Rashid, 2017). Meanwhile, the Blue Gold project, funded
by Government of the Netherlands (GoN) and operated by the Bangladesh Water
Development Board (BWDB), has been responsible for rehabilitation of water control
structures within 26 polders districts (http://www.bluegoldbd.org/). In addition, Tidal River
Management (TRM) has been adopted in an attempt to restore sedimentation within the
polders through selective flooding (Van Staveren et al., 2017), gaining attention as a potential
alternative to structural flood protection (Gain et al., 2017). The idea of TRM is to allow river
flow into low-lying bowl-shaped depressions (termed as ‘Beel’) within polder for sediment
deposition to fill those depressions (Masud et al., 2018; Van Staveren et al., 2017). Though
historically a community driven approach, BWDB implemented TRM in several ‘Beels’ in
1991-2013 (Masud et al., 2018).

Despite several initiatives, the challenges of providing sustainable flood risk management in
the south western polder region are intensifying, with the threat of sea level rise, upstream
modification of river flows and sediments from the Ganges Brahmaputra Meghna river
system, and high population density providing little space for adaptation (Haque et al., 2018;

Kay et al., 2018).
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2.2. Identifying flood events

In last two decades (Hoque et al., 2011), water surface detection through remote
sensing techniques has become an essential tool for various disciplines (Sanyal and Lu, 2004;
Sarp and Ozcelik, 2017). Among various methods, water-indexing techniques have proved to
be very useful for quick flood detection (Sarp and Ozcelik, 2017). This study applied the
Modified Normalized Difference Water Index (MNDWTI) (Xu, 2006) using ArcGIS 10.6.1 to
detect water surfaces during pre (dry) and post (wet) monsoon period in a year. MNDWI uses
green and middle infrared (MIR) bands of Landsat satellite images. It generates positive
values for water surfaces and negative values for built-up areas, soil surfaces and vegetation.
Then a change detection algorithm was used in Geographic Information System (GIS) to
identify cells that changed from being normally dry to wet, which were classified as flood
cells for that year. Cloud cover during the monsoon period (May to September) (Ahmed and
Akter, 2017) meant that the analysis was applied to compare pre and post monsoon images.
The image database is summarised in Table S2 of the Supplementary Information.

The major cyclone Sidr in 2007 caused prolonged flooding within the polders (Tareq
et al., 2018), which lasted into 2008. Hence using pre-monsoon images of 2008 could cause
under estimation of flood extent in 2008, so dry season images from 2007 we employed to
detect flood extent in both 2007 and 2008.

The accuracy of MNDWI based classified images was assessed, for three different
years (1989, 2001, and 2010), against reference land cover data (classified and validated
images) collected from Mukhopadhyay et al. (2018) (Table S1, supplementary document),
producing an error matrix to estimate the overall accuracy and kappa statistics. The overall
accuracy depicts a percentage agreement of pixels correctly classified (Lillesand et al., 2014).
The kappa statistics (k) is a measure for inter-rater reliability testing, whose value can range

from -1 to +1, where ‘values < 0 as indicating no agreement and 0.01-0.20 as none to slight,
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0.21-0.40 as fair, 0.41— 0.60 as moderate, 0.61—0.80 as substantial, and 0.81-1.00 as almost
perfect agreement’ (McHugh, 2012). The reference land cover data were converted into
binary images (water, dry) and classified dry season (pre-monsoon) images of those three
years were employed to estimate the indices of classification consistency. In this study,
‘substantial agreement’ within pixels between reference and classified land cover images
were found for 1989 and 2010, and ‘almost perfect agreement’ was achieved for 2001 image
classification (Table S3, supplementary document). The processed flood maps were used to
estimate the severity of observed flooding and also to validate the flood simulation outputs in
the second phase of the study. The reference land cover maps included 12 land use classes, in
which general waterbodies are separated from aquaculture, mixed agriculture/aquaculture and
agricultural lands. These maps were further used to analyse the types of land uses exposed to
pluvial flooding.
2.3. Flood event classification

To attribute the observed floods to different sources of flooding, we analysed the
severity of monsoon rainfall and elevated water levels within the region. Extreme value
analysis was conducted by fitting to a generalized extreme-value (GEV) distribution using the
L-moment method (Coles et al., 2001; Gilleland and Katz, 2016). The cumulative distribution

function of the GEV distribution is:

G(z) = exp [— {1 +e (Z — u)}_l/s] (D)

o +1

Where, z is the random variable (monsoon precipitation/peak river water level/peak
surge level) and ¢, u, and o are the shape, location, and scale parameters respectively. The

return period (T) was estimated by following formula:

1

=1%o

@
The precipitation frequency analysis was based on 10-days gridded precipitation data

from the Bangladesh Meteorological Department, aggregated into yearly monsoonal total

7
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precipitation and computed the regional average from 1948-2012. Fluvio-tidal flood
attribution was based on annual peak water level (Rao and Hamed, 2000), averaged across 18
river gauges. Finally, tidal surges were identified though analysis of peak tidal water level
averaged across two tidal gauges in the Bay of Bengal, i.e. Hiron point and Khepupara (Fig.
1). Data used for flood frequency analysis are summarised in Table S1 of supplementary
document.

In each year the return period of pluvial rainfall, fluvio-tidal water level and surge
water level were estimated according to Equation 2, denoted 7),, 7y and T, respectively. We
then sought to classify each year, estimating thresholds 7,,’, 7y and 7" above which a flood
of the given type was said to have occurred and a flooded area 4, which represented the
threshold between ‘flood” and ‘non-flood’ events. The thresholds were optimised according
to the following criteria, applied in this order of priority:

1. The separation between ‘flood’ and ‘non-flood’ events should not be contradictory

1.e. events cannot be classified as being a version of ‘flood’ (i.e. pluvial, fluvio-
tidal or surge) and ‘non-flood’.
2. If an event with multiple types flood is identified, the classification of flood event
should be consistent with the ordering of severity of 7, i.e. the classification
should be of the event type with the greatest 7.

3. All events with above average flooded area should be classified as a version of
‘flood’.

4. The number of multiple classifications should be minimised.

If it is not possible to meet criteria 1-3 the number of constraint violations should be

minimised.
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2.4. Modelling flood events

2.4.1. Pluvial flood model

To simulate the effect of polders on pluvial flood severity, a simple pluvial flood
rainfall-runoff and spreading model was established. The model was then adjusted to
simulate the effects of subsidence and drainage system.

Pluvial flooding materialises based on the interaction between precipitation,
evapotranspiration, surface flow, local topography and drainage. It can occur either due to
intense downpours (Falconer et al., 2009; Houston et al., 2011) or by prolonged moderate to
heavy rainfall (Falconer et al., 2009). In low-lying areas like the polder region of south
western Bangladesh, these processes are extremely complex, so we have developed
simplified GIS-based water balance and flood spreading model to estimate inundated areas.

The Thornthwaite and Mather (TM) water balance model was used to produce
monthly excess precipitation grids. The water balance model takes gridded monthly total
precipitation (P), monthly mean temperature, monthly mean daylight hours, soil texture to
estimate monthly potential evapotranspiration (equation 3), monthly water deficit or excess
precipitation, actual evapotranspiration (equation 4, 5, 6, 7), and excess precipitation
(equation 8, 9, 10). Raster layers of potential evapotranspiration (PE) and monthly water

deficit or surplus (P-PE) in mm were calculated as follows:
PE, =16 C (10§)a 3)
Where, T is the monthly average temperature (°C), / is the annual heat index for the
year in concern, calculated as I = Y12, where the monthly heat index i = [7/5]'°', a =
6.75x107F — 7.71x10°* + 1.792x10”[ + 0.49239; the correction factor C = m/30.d/12,
where m is the number of days in the month and d is the monthly mean daylight hours (Singh

et al., 2004). The estimated monthly PE was then subtracted from the monthly P to find out

the water excess (+) or deficit (-). After that, the soil budget was estimated to find the actual
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evapotranspiration. At this stage, a raster layer of available water capacity (SOIL,.x) Was

created following Thornthwaite and Mather (1957) principles. As Dingman (2002)

demonstrated,
If P, >PE, SOIL,, = min{[(P,, — PE,,) + SOIL,,_,],SOIL,,...} 4
AET,, = PE,, (5)
P < PEn, SOIL,, = SOIL,,_, [exp (wﬂ (6)
SOIL gy
AET,, = P,, + SOIL,,_; — SOIL,, (7

Where, AET,, is the actual evapotranspiration of the month in concern; SOIL,, is the
soil moisture content of previous month. To solve this recursive equation, the GIS toolset
started running from the first month (when P-PE <0) after the monsoon, considering that the
soil moisture storage in previous month (last month of monsoon) was full, i.e. equal to the
estimated available water capacity. Next, the following conditions and equations were

followed to estimate the monthly and monsoonal total excess precipitation (SUR).

If (P-PE) ,<0, SUR,, = 0 8)
If (P-PE),,>0 and SOIL,=SOIL 4y, SUR,, = (P — PE),, 9)
If (P-PE),, >0 and SOIL,#SOIL .y, SUR,, = (P — AET),, + SOIL,, (10)
Monsoon total excess precipitation,

P P SURY = Z SURMay to September (1 1)

The flood extent was estimated by considering a series of surface depressions, whose
catchments are nested (Diaz-Nieto et al., 2011). The SRTM DEM was analysed to identify
surface depressions, their exit points (points through which water will pass to next level
depressions when a depression is full), and catchment areas. While identifying exit points, the
model followed the single-direction flow algorithm (DS), where one cell routed into the next
steepest of eight neighbouring cells (Seibert and McGlynn, 2007), and eliminated cells which
drained back to the same depression. After that it selected depression points to define

respective depressions catchments and nest levels were assigned for depression catchments.

10
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The total volume of monsoon excess water from the water balance model was assigned to
each depression. The water accumulation algorithm (equation 12) was started from the
highest nest level depressions to accumulate water and subsequently passes to next level
depressions. At this point, the model routes additional water, after filling previous level
depressions (if remains), to the existing catchment(s). This iterative process continued until

the model distributed water to the lowest nest level (Diaz-Nieto et al., 2011):

Pp_gopco = Z Piin +E-V (12)

Where, P = water volume passed down from depression, £ = access volume after
filling the depression, ' = depression volume, j = counter of nested depressions from 1 to 7.
For each year (1988-2012), the model was used to simulate pluvial inundation with and
without polders. For pluvial inundation ‘with’ polders the observed DEM was used. Drainage
from the polder was constrained due to inadequate maintenance of drainage channels and
deterioration of sluice gates.

Brown and Nicholls (2015) documented 205 points measurements of net subsidence.
Yearly land subsidence rates used in this study ranging from 0.24mm to 10mm per year.
Using these point measurements, a raster of yearly subsidence rate was created, using Inverse
Distance Weighted (IDW) interpolation. Multiplying this raster with subsequent number of
years starting from 1960 (commencing year of polder construction) was added to the existing
DEM to reconstruct past land elevations. The reconstructed DEM was used to delineate
potential flood locations (surface depressions) in the ‘without’ polder scenario. The estimated
total excess precipitation in each year was accumulated in the depressions and nested
catchments. We further developed a scenario in which drainage channels within the polders
were effectively maintained. These channels were identified by hand from the satellite image.

Catchments that contained these channels were permitted to drain.

11
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We performed sensitivity analyses for (a) the method used to interpolate land
subsidence rate (b) the rate of land subsidence, which was used to establish pluvial flood
model for the counterfactual scenario. First, using the observed land subsidence data we
generated three additional layers of land subsidence rates, applying kriging, spline, and
natural neighbour methods in GIS (Childs, 2004). These layers were incorporated to generate
pluvial flood inundation simulations for the 25 years studied for the counterfactual scenario.
We tested for significant differences in annual pluvial inundation in the counterfactual
scenario (Figure S1, supplementary document). This was done applying one-way analysis of
variance (ANOVA) test. An ANOVA test could be performed to measure the sensitivity of
input parameters (e.g. DEM) in hydraulic modelling and floodplain mapping (Raber et al.,
2007). The estimated p-value 0.22 indicated that the difference in inundation for four types of
land subsidence rates is not significant. The insignificant p-value and a smaller value of F-
ratio than the critical F-ratio (Table S4, supplementary document) confirmed the absence of
sensitivity in the pluvial flood model in relation to method applied to interpolate the rate of
land subsidence.

In addition, we generated raster layers of two land subsidence rates, randomly
splitting the observed 205 points measurements of net subsidence rate into two groups. The
first group contained a subset of 70% points, whereas the second group was comprised of the
remaining 30% points. Yearly land subsidence rates in the two groups ranging from 1mm to
10mm and Imm to 6mm, respectively. We applied IDW interpolation method to obtain two
layers of subsidence rates, which were added (multiplying by the difference of modelled year
from 1960) separately on the existing DEM to generate two different surfaces. We
incorporated these surfaces in pluvial flood model to estimate the inundated area across
delineated depressions. Here, we modelled the pluvial events of 2004 and 2006, when a

higher amount of excess precipitation was estimated (Fig. 6). Figure S2 in supplementary

12
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document exhibits a similar pattern of individual depression behaviour for a change in land
subsidence rate. Again, ANOVA test was performed to analyse the difference in inundation
during two events in individual depression, for different rates of land subsidence. The
obtained p-value 0.27 and F-ratio 1.3 (< critical F-ratio 2.01) indicated that the difference in
inundation in different depressions insignificant.

The pluvial flood model was validated based on a field survey that was conducted on
May 2018 to collect GPS locations of pluvial floods and non-floods (Figure S3,
supplementary document). An error matrix was produced (Table S5, supplementary
document) to verify the accuracy of modelled potential flood/non-flood pixels, comparing to
observations. An overall accuracy of 95% and spatial statistical « statistics value 0.87 suggest
an ‘almost perfect agreement’ (McHugh, 2012) between observed and modelled flood pixels.

The observed total inundation in years that were identified as pluvial flood events
were plotted against the modelled inundation of corresponding years for ‘with polder’
scenario, yielding a coefficient of determination R?=0.98 (Fig. 3). However, the validation
process also included 2005 event, despite it was classified as ‘no flood’ event. The reason for
using this event to validate the pluvial flood model is explained in Section 3.3.

2.4.2. Fluvio-tidal and storm surge inundation model

The Delft 3D hydrodynamic model (Haque et al., 2018) was used to estimate
inundation extent from fluvio-tidal (1998) and storm surge flooding (2007) for ‘with’ and
‘without’ polder scenarios. The model domain was bounded by border with India in the west
(type of boundary is not fixed), Lower Meghna estuary in the east, three major rivers
(Ganges, Brahmaputra and Upper Meghna) in the north and Bay of Bengal in the south. The
discretized model domain contains 896,603 grid points, where grid size varies from 186m to
1704m. Coarser grid size is provided in the ocean and finer grid size is provided in the river

channels to capture the details of the river/estuarine systems and topographic variation. The
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model was set up for all rivers and estuaries with a width of at least 100m. Measured flow
data was provided from BWDB for three the major rivers, from which fluvial flow enters the
model. In absence of measured sea level data, the model takes simulated sea level data from
the GCOMS model (Kay et al., 2015), which generated the tidal (ocean) boundary. As
morphological changes were considered static (except subsidence) — no additional sediment
input is provided. A rate of 2.6 mm/yr (Brown and Nicholls, 2015) of subsidence is
considered in the area bounded by the polders including the polder itself. A DEM with a
spatial resolution of 50m was provided by WARPO (2018). The ocean bathymetry data was
obtained from General Bathymetric Chart of the Oceans (GEBCO) while river bathymetry
data was collected from BWDB at 294 locations in coastal rivers/estuaries. Channel
planforms were assumed to remain the same over the model simulation period. Similar
assumption was made for channel bed level and floodplain levels of rivers / estuaries.

The model indirectly considered impacts of land use and land cover through
resistance in the floodplain. Different resistance values were specified for sea,
rivers/estuaries, floodplain and forest (Sundarban). These resistance values were determined
during model calibration. The calibrated Manning’s roughness coefficient was spatially
variable having values of 0.00025 in the ocean (considered as large water body), 0.015 to
0.025 in rivers /estuaries (a value generally considered to be valid for rivers / estuaries in the
region), 0.025 to 0.040 in the floodplain, and 0.08 to 0.1 in forests including mangrove and
natural plantation. The model simulated 103 polder areas (out of 139) using design heights of
embankments collected from BWDB. Present day observations are only available for 61
polders (some of which are outside the study region) that show that actual polder heights can
vary from 3m to 7m (Huq et al., 2010). Where actual embankment heights are not available,
an average design embankment height of 4.75m is used in the model (CEIP, 2013). Storm

surge modelling was based on a reconstructed cyclone track for the 2007 cyclone Sidr (Figure
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S4, supplementary document) that passed by the study arca. Consideration of reconstructed
cyclone track was based on the premise that modelled result could ideally explain the
observed flood inundation. Resulting simulated inundation data was masked for the south
western polder region. Further details on model setup, calibration, and validation can be

found in Haque et al. (2018) and Haque and Rahman (2016).
3. Results and discussion

3.1. Identification of flood events

In 25 observed years, the inundated area ranged from 6% (in 2010) to 48% (in 2001).
The mean flood footprint was 13% of the total embanked region. The patterns of inundation
were heterogeneous spatially and temporally, with different parts of the embanked region
flooded in different years. Six polders were flooded by more than 13% (average flood area)
of their respective area, on average. The largest extent of inundation occurred in polder 34/1,
whereas the polder 28/2 and 30 experienced the lowest level of inundation (Figure S5,
supplementary document).

Fig. 7(a) shows a typical inundation footprint for the year 2004 obtained from remote
sensing data analysis. Here, major inundation occurred in the northern segment of embanked
region. Generally, flooding in the south western part of the region was less frequent and the
extent of inundation in that segment was relatively low during various events.

3.2. Classification of flood events

3.2.1. Frequency analysis

Fig. 4 portrays the frequency analysis of total monsoon precipitation, peak river water
level, and peak surge level respectively to classify them into pluvial, fluvio-tidal, and surge
induced floods. The estimated return periods of these three hydrological parameters varied
annually, indicating different types of floods in different years. For instance, within 25

observed years, the highest monsoon precipitation was in 2002, whereas the highest peak
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river water level and surge level were in 1996 and 2007 respectively. The relationship
between flood conditioning factors and flood type is complex (Nied et al., 2014), in this
study, we provide a simplified flood classification system estimating minimum thresholds
T,, T/ and T} .

3.2.2. Flood event classification

Table 1 presents the return period of each type of flood in each year. The optimisation
of return periods of three hydrological parameters yielded the following minimum flood
thresholds: 7,'= 5.2 years, Ty= 5.9 years and 7;'= 7.9 years and threshold between ‘flood’
and ‘non-flood’ events was 10.3% of the area. According to this criterion, floods were
identified as occurring in 14 different years and three compound events were detected. The
estimated thresholds generated one false negative and one false positive flood event. The
event in 1996 was classified as ‘F’ even though the flood area was 9.2%. The highest 7
during that event was responsible for such attribution. Besides, 2005 event was classified as
‘N’ despite about 11.5% area was inundated. In 2005, the region received a lower level of
monsoon precipitation, in addition to low peak river water level and surge level. The outcome
of pluvial flood model explained the reason for a higher level of inundation in 2005 (Section
4.3).

We find that pluvial flooding was the most frequent, but typically resulted in less
flooded area (11.4% of the region on average) compared with the other forms of flooding.
The fluvio-tidal and surge induced floods caused more extensive inundation than the pluvial
floods: 21.8% and 30.2% on average, respectively. The greatest area of inundation (48% of
total area) occurring in 2001 as a consequence of fluvio-tidal and surge flooding, whilst
cyclone Sidr in 2007 flooded 35% of the area.

Fig. 5(a) illustrates the identified pluvial floods. We classified seven pluvial flood

events considering 5.2-year return period as the minimum threshold level. The region
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received the highest monsoonal precipitation of 1861.91mm in 2002 leading to an 18.8-year
return level of pluvial flood. The highest two precipitation events in 2002 and 2011 caused
approximately 11% of total polder area inundation, while 2004 resulted in the highest pluvial
inundation (13% area).

The six events that were classified as fluvio-tidal happened in 1995, 1996, 1998,
2000, 2001, and 2002. The highest regional average peak water level of 3.45m was observed
in 1996, leading to a 34.6-year event (Fig. 5(b)). But the most extreme event did not result in
the highest extent of inundation. For instance, whilst in 1996 the inundation area was 9%, the
highest percentage of total area (48%) was inundated in 2001 when the region experienced a
23-year fluvio-tidal flood which breached various polders. However, the 2001 event was
attributed to both the fluvio-tidal and surge event, though fluvio-tidal flood was the dominant
force (as higher return period) leading to the inundation. Fluvio-tidal floods mostly occurred
in between 1995 and 2002. After 2003, relatively a lower mean discharge in upper Ganges
River was observed (Figure S6, supplementary document), contributing to a lower peak river
water level.

Four surge induced floods were attributed, considering the estimated 7.9-year return
period as minimum threshold limit (Fig. 5(c)). The most extreme surge occurred in 2007
during the cyclone Sidr, when the peak surge height reached to 4.16m (35-year return
period), causing 35% of the total area inundation. Another major cyclone Aila affected the
study area in 2009 with a peak surge of 4.10m, leading to 21% area inundation. Both fluvio-
tidal and surge flooding formed the compound event of 1995, when the impact of surge was
the highest.

3.3. Modelling flood inundation with and without polders
The outcome of pluvial flood model indicated that the study area was prone to pluvial

inundation annually, since excess precipitation of different magnitude was estimated in all
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studied years (Fig. 6). The extent of inundation has a strong positive correlation with the
amount of excess precipitation (correlation coefficient = 0.90). Among the classified seven
pluvial flood events (Table 1), the lowest level of monsoon precipitation was observed in
2004. But, the greatest extent of pluvial inundation was estimated in 2004, due to presence of
the highest amount of excess precipitation caused by a lower level of evapotranspiration. In
2005, the modelled pluvial inundation was 11.2% area, which is similar to observed flood
mundation (11.5%) for that year. The lowest level of evapotranspiration was estimated in
2005, leading to a higher amount of excess precipitation. Therefore, the extent of inundation
in 2005 was greater than 45 (10.3%), despite the region received a 1.2-year return level
precipitation. Thus, we included this event to validate the outcome of pluvial flood modelling
(Section 2.4.1). The results from pluvial flood modelling further demonstrated that a greater
extent of inundation was the outcome of polder construction and inadequate drainage
systems. The extent of pluvial inundation would have been substantially lower in absence of
polders.

Typical results from the pluvial flood model are shown in Fig. 7(b, c), which
illustrates how a combination of land subsidence (a maximum of approximately 0.5m relative
to locations where polders were not constructed) and inadequate drainage, has exacerbated
pluvial flooding. We estimate that on average over the modelled period the extent of flooded
area was 334km’ (i.c. 6.5% of total arca) larger because of the land subsidence, generated
from the construction of polders, and inadequate drainage. The extent of inundation primarily
depends on the number of surface depressions generated due to land subsidence. Polder
construction increased the number of shallow depressions (<1m in depth), which are prone to
flooding. Without polders flooding in those arecas might have been alleviated, as
sedimentation would have transformed the geomorphology of the region and reduced the

number of shallow depressions. Flooding in that case would have only occurred in areas
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characterized as deep surface depressions. Hence, our modelled pluvial inundation for the
counter-factual scenario showed relatively a small year-to-year difference in the extent of
inundation (Fig. 6), although the total inundated area was positively correlated with the
estimated excess precipitation.

Results from the pluvial flood model further indicated that if the observed drainage
system were maintained adequately, it would have been able to reduce pluvial flooding by
about 4.9%. This number is relatively small because there are many catchments that were not
observed to have a drainage channel. The pluvial flood prone area comprises about 50%
aquaculture land (shrimp culture and freshwater fish culture), which is not necessarily
harmfully affected by flooding. However, 40% of the flood-prone area is agricultural land
(rice field, other croplands, mixed rice and shrimp culture) which can be more adversely
impacted by pluvial flooding, whilst 10% is comprised of settlement areas with homestead
vegetation where pluvial flooding is directly harmful.

Simulations of fluvio-tidal and surge flooding demonstrate the effectiveness of
embankments in reducing inundation due to elevated water levels. For example, during the
1998 fluvio-tidal flood, majority of the region would have been flooded without polders. The
presence of polders resulted in an estimated 27% of total area being flooded in this fluvio-
tidal flood, compared to 79% for the ‘without polder’ counter-factual. Complete inundation
occurred in 14 polders for ‘with’ polder scenario, which would have been escalated to 31
polders for the counter-factual scenario (Fig. 8(a)). Overlaying the inundated areas for both
scenarios, we found that the embankments protected an estimated 54% area from flooding.

Simulation results for surge event Sidr suggests that, in presence of polders (without
breaching), about 18% of the total area might have been inundated. Without polders, the
extent of inundation would have been increased to approximately 35% area. Seventeen

different polders that were partially at risk of flooding would have been inundated by more

19



457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

than 80% area without embankments (Fig. 8(b)). However, our modelled total inundation for
counter-factual scenario is similar to the observed inundation of 35% area. When simulating
inundation for ‘with polder’ scenario, the model considered overtopping as the flood
mechanism in polders. Therefore, the number of flood-affected polders were substantially
lower under this scenario. But, embankment failure in several polders, both in form of
damage and overtopping, increased the extent of inundation. Furthermore, the observed
mundation in 2007 is a compound inundation of pluvial and surge induced flooding. The
estimated pluvial inundation in 2007 was about 10% area. Subtracting (spatially) the pluvial
inundation from the observed inundation, we found that surge induced flood solely

contributed to the inundation in 25% area.
4. Conclusion

Creation of polders by construction of embankments in coastal Bangladesh has been a
controversial process. The creation of polders enabled large increases in agricultural
production and reduced the impacts of storm surges and fluvio-tidal floods. However,
blocking off the coastal floodplain from channels practically eliminated annual deposition of
sediments on the land, whilst compaction of sediment and anthropogenic activities
exacerbated land subsidence. Over the years, drainage channels have not been adequately
maintained, which has inhibited drainage of pluvial flood waters and exacerbated
inundations. Moreover, construction of polders has provided an impression of security from
flood hazards, encouraging human settlement in vulnerable locations.

In this paper we have empirically analysed the evidence for both the beneficial and
harmful impacts of polder construction. We found that pluvial flooding occurs frequently, but
the flood extent is usually less than in other forms of flooding. By modelling a counter-

factual scenario in which polders had not been constructed we quantified a substantial (6.5%

20



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

area) increase in pluvial flooding that can be attributed to land subsidence resulted from
polder construction and poor management of drainage facilities.

On the other hand, the polders have provided protection against fluvio-tidal and storm
surge events. In the worst fluvio-tidal flood in the ‘without polder’ scenario 79% of the area
would have been flooded, compared with 27% which occurred with the polders. In the surge
event Sidr, 18% of the polder area would have been flooded, without the breaching to
embankments. But, the extent of inundation was increased to 25% area due to the damage to
embankments during the cyclone. Simultaneously, pluvial flooding exacerbated the flood
impact, inundating a total 35% area in 2007.

The empirical analysis of past floods reported in this paper is subject to errors in
observations of precipitation and water levels. In addition, the recognition of flooded areas
from satellite imagery is also subject to error. The attribution of flood types is to some extent
subjective, based on the criteria that were used to optimise the classification thresholds.
Given the relatively short record of flood events, the complexity of the flooding process and
the possibility of compound events, it would not be possible to establish a definitive
classification method.

Flooding processes in low-lying coastal areas are complex, so the modelling we have
used to analyse the ‘without polder’ counter-factual is inevitably approximate. This
particularly applies to pluvial flooding, which is sensitivity to local rainfall patterns,
topography, land surface and drainage and so would be extremely difficult to model with
more accuracy on the spatial/temporal scale considered in this study. Nonetheless, these
models have provided insights into the polders’ effectiveness. Generally, this study is an
attempt to estimate the impact of anthropogenic intervention (creation of coastal
embankments) on the hydrology (inundation) of south western embanked region of

Bangladesh.
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Rehabilitation and reconstruction of embankments is now under way in the coastal
zone of Bangladesh (Figure S8, supplementary document). Further choices will need to be
made in the face of rising sea levels. Alternative adaptation strategies are being examined as
part of the Bangladesh Delta Plan. The empirical analysis of the benefits and impacts of
embankment construction, which has been reported in this paper, should help to inform plans
for adaptation of Bangladesh’s coastal zone to flood hazards, by helping to target and
sequence investments for flood management.
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Table 1. Flood attribution in south western polder region

Year Precipitation Return period Surge peak  Percentage of Flood type
return of peak river return area inundated (P-Pluvial, F-
period (7,) water level (Ty) period (T) (Ap Fluvio-tidal, S-
Surge, N-No flood)

1988 9.5 3.9 6.5 10.3 P

1989 1.4 1.5 2.7 6.5 N

1990 2.1 2.1 24 9.3 N

1991 1.7 1.6 1.9 8.2 N

1992 1.3 3.4 2.5 7.8 N

1993 8.1 1.8 1.5 11.4 P

1994 1.3 1.2 1.2 59 N

1995 2.8 6.4 13.4 16.5 F,S
1996 1.4 34.6 43 9.2 F

1997 2.2 1.9 2.1 9.3 N

1998 3.0 11.8 2.0 22.8 F

1999 7.9 3.6 1.8 10.8 P

2000 2.9 8.2 5.0 10.9 F

2001 1.7 22.7 9.2 48.1 F,S
2002 18.8 12.3 1.5 10.7 P,F
2003 1.1 5.8 22 7.9 N

2004 5.2 1.3 1.0 13.1 P

2005 1.2 1.2 1.1 11.5 N

2006 5.7 1.6 1.2 13.0 P

2007 3.0 24 34.9 35.0 S

2008 1.4 1.5 2.8 10.1 N

2009 1.6 4.4 22.8 21.2 S

2010 1.1 1.0 1.2 6.1 N

2011 11.8 1.1 1.2 10.8 P

2012 1.1 1.1 1.1 7.0 N
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Fig. 1. South western embanked region of Bangladesh

Fig. 2. Analytical process of this study

Fig. 3. Modelled versus observed pluvial flood inundation plot
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Fig. 8. Polder wise inundation in two scenarios during (a) fluvio-tidal flood of 1998, and (b)

storm surge flood of 2007
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Fig.5

b. Fluvio-tidal flood

a. Pluvial flood
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