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Floods are a frequently occurring calamity in deltaic Bangladesh. This paper aims to assess the
temporal expansion of waterbodies during flooding using geospatial techniques. Several water
indices were applied to classify the satellite images at various temporal scales. Among them, the
Normalized Difference Water Index (NDWI) showed the highest correlation (r = 0.831; where
p = 0.01) with rainfall data. Specifically, the NDWI results showed that perennial waterbodies
measured 37 km? and 60 km? in Sunamganj District in 2017 and 2019, respectively. The area of
waterbodies notably increased 52-fold from March to April (37 km? to 1958 km?) during the pre-
monsoon flash flood of 2017. During the July 2019 monsoon flood, waterbodies started to extend
after May and flooded 2784 km? in area. NDVI analysis showed that in 2019, floodwater sub-
merged 361.7 km? of vegetation cover. At the same time, the Surma River’s flooding resulted in a
73.9 per cent inundation of the total area of the Sunamganj District. We hope that this study will
provide better understanding of the varying nature of floods that occur in the low lying bowl
shaped Haor region which will in turn assist the government with flood mitigation.
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Introduction

Floods are the most devastating natural catastrophes in the world as they cause greater
loss of lives and property damage when compared to any other natural phenomena
(Jeyaseelan, 2004). With increasing population as well as anthropogenic impacts and
climate change, floods have become more widespread and more problematic across the
world (Malik ef al., 2020). In Bangladesh, the frequency and severity of flooding are
increasing year upon year (Adnan et al., 2020; Rayhan, 2010). Generally, 20.5 per cent
of the country is being flooded every year (reaching up to 70 per cent in extreme sce-
narios) due to rainfall or the overflow of riverbanks, causing severe damage to the
national economy (Benson & Clay, 2002; Mirza, 2002). In the north-eastern part of
the country, there is a low-lying bowl-shaped depressed basin (locally known as Haor),
where it is estimated that approximately 6000 km? of the Sylhet division and
25 000 km? in total are severely affected by early flash flooding almost annually
(Humanitarian Response, 2017, Kamruzzaman & Shaw, 2018; Salauddin &
Islam, 2011).

Floods can be divided into four categories in Bangladesh: (1) flash floods originating
from hilly areas, (2) monsoon floods, (3) rain-fed floods, and (4) floods caused by
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storm surges (Rahman et al.,, 2007). In Bangladesh, pre-monsoon flash floods occur
almost every year in some parts of the northeast Haor basin between March and May
while riverine flooding occurs between June and September. The latter is also known
as the monsoon flood (Roy et al., 2019). During the pre-monsoon season (March-
May), the north-eastern part of Bangladesh often experiences flash floods, a major nat-
ural hazard in that region and one that vastly affects lives, property, and croplands.
Flash floods damage thousands of hectares (ha) of boro rice crops, considered a staple
crop in the country (Ahmed et al., 2017; Roy et al., 2019; Hossain et al., 2017; Humani-
tarian Response, 2017). Agricultural wages also sometimes decline during the flooding
months in inundated districts (Banerjee, 2007). Thus, floods are not only an immediate
threat to lives but to livelihoods and nutrition.

In 2017, the north-eastern depressed region of Bangladesh experienced severe flash
flooding, which damaged almost 100 per cent of the crops (Das et al, 2017;
Baishakhy & Islam, 2018). Rapid flooding began in the north-eastern part of
Bangladesh on 28 March 2017 due to heavy rains in Meghalaya, India (Aldhshan
et al., 2019). The heavy rainfalls in 2017 (9000 mm, as recorded by the BMD) broke all
previous records and rapidly raised the surface water levels in various rivers both in
north-eastern Bangladesh and neighbouring upstream hilly catchments within India
(Meghalaya state). This led to a flash runoft from the hilly rivers that inundated a sig-
nificant portion of the floodplains and wetlands including five districts of Haor region,
namely Sunamganj, Netrokona, Moulvibazar, Brahmanbaria and Sylhet, affecting
almost 1 million households and damaging rice crops worth nearly USD 450 million
(Kamal et al., 2018; Aldhshan et al.,, 2019). Moreover, a total of 4 667 000 people
(31 per cent of whom were located in the affected areas) were impacted, and ten peo-
ple lost their lives in six districts (Habiganj, Kishoreganj, Moulvibazar, Netrakona,
Sunamganj and Sylhet) in the north-eastern part of Bangladesh. Furthermore, 18 969
houses were either fully or partially destroyed resulting in the contamination of over
24 per cent of freshwater sources (tube wells, ponds, and lakes) in Sunamganj District
alone (Humanitarian Response, 2017). The 2017 floods severely damaged crops within
almost 1037 km? in Sunamganj District (which was the worst affected area) causing
severe economic damage (Aldhshan et al., 2019).

More recently, in July 2019, millions of people were displaced when devastating
floods occurred in large parts of India, Nepal and Bangladesh (BBC News, 2019). Rain-
swollen rivers in Bangladesh broke through several embankments and inundated
dozens of villages, destroying thousands of homes and displacing 200 000 people. Fur-
thermore, the flooding in Bangladesh exposed more than 4 000 000 people to the risk
of food insecurity and various diseases (A/ Jazeera, 2019). Heavy rainfall in the middle
and at the end of July resulted in the occurrence of floods in the northern and north-
eastern regions of Bangladesh whereby floodwater persisted from 1 to 3 days in the
north-eastern districts (Sylhet, Sunamganj, Moulvibazar, Habiganj, and Netrakona)
(Daily Star, 2019a). In Sunamganj District, almost 13 000 people were stranded in
waterlogged areas due to floodwater (Daily Star, 2019b) and more than 66 000 homes
were destroyed (Al Jazeera, 2019). According to the Daily Disaster Situation Report
(Ministry of Disaster Management and Relief, 2019), a total of 18 lives were lost to the
2019 Bangladesh flood; among them, four people died in Chittagong and Bandarban
District on 15 July and three people perished in Sirajganj and Sylhet District on that
same day, while a further nine people died in several districts on 16 July 2019; and
two people died on 17 July 2019.
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It has been predicted that the estimated average cost of flood damage in the coastal
parts of Bangladesh is likely to rise from $1180 to $2601 million in 25 years (Adnan
et al., 2020). Therefore, to mitigate the severity of flood impacts and to develop fore-
casting facilities as well as disaster preparedness, it is necessary to identify and assess
areas that are prone to flooding as well as the duration of water extension
(Kwak, 2017; Rahman et al., 2007). Remote sensing techniques, especially the spectral
index-based classification method, are tools with great potential as they can provide
useful data for flood monitoring, flood damage assessment, investigation of water
resources, flood extent mapping, flood hazard prediction assessment and water
resources planning (Profeti & Macintosh, 1997; Tv & Kn, 2019; Psomiadis et al., 2019;
Haibo et al., 2011; Aldhshan et al., 2019). Despite Bangladesh facing frequent floods
(almost every year), advanced studies on flood hazards using remote sensing tech-
niques remain infrequent and inadequate in the study area. Several studies were found
focusing on recent flood scenarios in Bangladesh; however, most of them either related
to coastal flood vulnerability and impact assessment due to sea level rise (e.g., Karim &
Mimura, 2008; Bhuiyan & Dutta, 2012; Hoque et al., 2019; Adnan et al., 2019; Adnan
et al., 2020) or to flood situations related to the megacities of Bangladesh
(e.g., Dewan, 2013; Ahmed et al., 2018). Only a few of them focused directly on flood
hazards, in particular, flood hazards relating to the north-eastern depressed basin of
Bangladesh (e.g., Ahmed et al., 2017; Hossain et al., 2017; Haque & Basak, 2017; Kamal
et al., 2018; Kamruzzaman & Shaw, 2018).

Utilizing geo-spatial techniques and MODIS data, Islam et al. (2010) depicted the
spatio-temporal extension of inundation resulting from floods in 2004 and 2007 across
the whole of Bangladesh. Moreover, Uddin et al. (2019) mapped the entire inundated
area during the Bangladesh flash floods of 2017 using Sentinel-1 SAR data and then
assessed its accuracy by comparing the results with Landsat 8 OLI data. Hoque et al.
(2019) applied a spatial multi-criteria-integrated approach for mapping flood vulnera-
bility in the coastal region of Bangladesh by using the Analytic Hierarchy Process.
Among the very few works on flash floods of the north-eastern Haor region, a study
by Kamal et al. (2018) used index-methods to analyse resilience to flash floods. By uti-
lizing remote sensing techniques, Aldhshan et al. (2019) worked on flash-flood area
mapping and detected damaged agricultural lands in eight sub-districts of Sunamganj
District by using Sentinel-1 (S1) SAR images and Landsat-8 images. In addition, Hos-
sain et al. (2017) worked on Tanguar Haor (located in Sunamganj District) and used
the maximum likelihood method to assess the loss of cropland due to a flash flood that
occurred in April 2017. Similarly, Ahmed ef al. (2017) used Multi-temporal Landsat-8
OLI and MODIS data in their work on delineating both cultivated and damaged boro
crops due to the flash flood in Haor region in Bangladesh; however, they failed to
depict the monsoon flood scenario of Haor region and the gradual water extension
process.

From the preceding literature, we argue that researchers have paid less attention to
mapping and comparing temporal water extension during both flash and monsoon
floods using geospatial techniques in the north-eastern depressed basin of Bangladesh.
Moreover, previous studies have lacked in explaining topographical influences on fre-
quent Haor flooding. Considering this research gap found regarding flood events in the
low-lying north-eastern part of Bangladesh, this study aims to compare the flood-
affected area and gradual expansion of waterbodies during two major flood occurences
(i.e. the flash flood of 2017 and the monsoon flood of 2019) and to investigate the
topographical influences on Sunamganj Haor flooding using geospatial techniques.
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Despite some limitations, we hope that our research will enable researchers and
planners to better understand the Haor topography and its influences on gradual flood-
water extension. More importantly, we would like the findings of this research to aid
government policymakers (i.e. National Disaster Management Council, Bangladesh
Haor and Wetland Development Board and Bangladesh Water Development Board),
local authorities and non-government organizations in formulating appropriate flood
risk mitigation plans by demarcating frequently flooded zones. Further, this paper also
aims to contribute to the agricultural sector by detecting flood prone areas as well as
flooding periods which will in turn inform pre-disaster, recovery and mitigation
initiatives.

Materials and methods

Study area

Sunamganj District is located in north-eastern Bangladesh within the Sylhet Division,
which is also in the downstream part of the Meghna river basin (Basher et al., 2018). It
is bounded by the hilly catchment of Meghalaya state (India) to the north, Sylhet Dis-
trict to the east, Netrokona District to the west, and Habiganj District to the south
(Figure 1). The Sunamganj District comprises 11 sub-districts and 1 thana, 87 unions,
1581 mauzas, 2887 villages, 4 paurashavas, 36 wards and 139 mahallas (BBS, 2011a).
According to the Bangladesh Bureau of Statistics (BBS, 2011a), the total population of
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Figure 1. Map of the study area and location of Sunamganj District. The district headquarter (HQ), Sub-
district HQ, national highway, and waterbodies are highlighted on the map. The inset map shows the
location of the study area in Bangladesh.

Source: Figure produced by authors.
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Sunamganj District (i.e. 2 467 968 inhabitants) live within an area of 3768.61km? with
a population density of about 655 people per square kilometer and a literacy rate of
35 per cent. Its climate is cooler in the winter and warmer in the summer with heavy
rainfall that occurs during the monsoon (BBS, 2011b). Sunamganj District’s maximum
and minimum temperature varies from 33.2°C to 13.6°C. Its annual average rainfall is
3334 mm (BBS, 2011a). The district—located in the country’s northern, more elevated
regions of the depression formation—has a young piedmont plain and a gentle sloping
landscape mainly consisting of loamy sediments that may be subject to shallow
flooding with coarser silt accretion behind existing embankments. In the middle,
deeper part of that landscape, the soil contains blush silt clay of the old flood plain
basin of the Surma and Kushiara rivers (BBS, 2011b). In between the milder slopes of
the floodplain and the area where finer silts accreted, flooding occurred frequently dur-
ing the monsoon season.

According to BBS (2011b) (Table 1), while the greatest proportion of highlands lies
in the Bishwamvarpur sub-district (42 793 acres), a smaller area of highlands is found
in Tahirpur sub-district (621 acres). Further, the greatest proportion of lowlands lies in
the Dharampasha sub-district (68 546 acres). In terms of the number of waterbodies,
Chhatak and Jagannath sub-districts have the largest number of ponds, i.e. 7060 and
4928, respectively. Of the 43 lakes in Sunamganj District, Bishwamvarpur sub-district
has 40 lakes.

Figure 2 demonstrates water extension scenarios in the Tangua Haor area during
the pre-monsoon season in 2018 (November 2018) and delineates the flooding in the
Haor region in Sunamganj District. Image 01 shows (Hijol) trees partially submerged
by the extension of perennial waters in the Haor region. Generally, this area is desic-
cated in the dry season. Farmers are used to cultivating several kinds of paddies over
this area in the dry season. At the beginning of summer, the waterbodies started to
extend, persisting till the late autumn season, flooding the areas depicted in Image 01.
Image 02 shows people walking across the submerged roads to their homes. Seasonal
flash floods regularly submerge several village roads. Image 03 shows a man collecting
his cattle that graze on plants lying beneath the water. Image 04 reflects some

Table 1. Land elevation, number of waterbodies and shelter centre information in the
Sunamganj district.

Sub-districts of Land elevation (area in acres) Waterbodies Shelter centre
Sunamganj

High land Medium land Low land Ponds Lakes Rivers Flood Cyclone
shelter  shelter

Bishwamvarpur 42793 6014 12633 150 40 2 0 0
Chhatak 10883 27210 16536 7060 0 2 5 4
Dakshin Sunamganj 5805 71875 10573 160 0 1 0 0
Derai 5412 14735 13432 20 0 3 0 0
Dharmapasha 4570 18278 68546 716 1 2 1 0
Doarabazar 3960 12885 5895 1850 0 1 0 0
Jagannathpur 32900 15290 42773 4928 1 1 3 0
Jamalganj 10510 10250 53570 250 0 1 3 0
Shalla 8142 16053 10547 243 0 2 1 0
Sunamganj Sadar 9336 36330 20167 1268 1 1 4 0
Tahirpur 691 11996 37096 391 0 4 2 0
Total 135002 240916 291768 17036 43 20 19 4

Source: Table produced based on (BBS, 2011b).
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Image 02

Acquisition date: 12 Nov 2018

Location: Purba Ranga Chara, Tahirpur, Sunamganj District
Lat-  25.168153N

Long- 91.087382E

Image 01

Acquisition date: 13 Nov 2018

Location:Tangua Haor, Tahirpur Sunamganj District
Lat- 25.149940N

Long- 91.057566E

Image 03 Image 04

Acquisition date: 13 Acquisition date: 12 Nov 2018
Location: Moazzamfur, Tahirpur, Sunamganj District Location: Bhabanipur, Tahirpur, Sunamganj Dis(i
Lat- 25.1232194 Lat- 25.121490N

Long- 91.039¢3 Long- 91.089222E
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Figure 2. Photographs of flood conditions in the Haor region, Sunamganj District; (a) false-colour
composition (FCC) of Haor region.
Source: Photograph taken by Md. Abdul Malak.

embankments that have been inundated by water, thereby forcing people to use boats
as their vehicles. Excess rainfall creates surface runoff, and the surface runoff (from
Meghalaya hill) causes the waters of the Surma River to swell, which then inundates
the riparian zone, as explained below.
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Data sources and analysis

Various satellite data sets were acquired and analysed to meet the aim of this study.
This was especially necessary in the case of flash floods whereby there is difficulty in
assessing the impact of floods in agricultural and other sectors due to the temporal evo-
lution of inundated areas (Psomiadis et al., 2019). In this study, we acquired several
satellite images from every month of each year (including during flooding seasons) to
detect perennial waterbodies and month by month temporal extension. A total of
25 multispectral satellite images were used covering the period from November 2016
to October 2017 and November 2018 to October 2019. These comprised 24 images
from 24 different months and an additional image of a flooding occurrence in 17 July
2019 (Table 2). In this study, Landsat 8 OLI/TIRS, Sentinel 2 and MODIS multispectral
images were used. These were obtained from the US Geological Survey (USGS) website
(https://earthexplorer.usgs.gov/). The main difficulty encountered in this study was
cloud coverage in the monsoon season. Hence, Sentinel 2 and MODIS images were
adopted because of the scarcity of cloud-free Landsat 8 OLI/TIRS images in the months
of April, May, August and September 2017 and February and June 2019.

Table 2. Specifications of satellite images used in this study.

Satellite /Sensor/ Acquisition date Path&Row/Tile Number/Granule ID  Spatial Resolution(m)
Platform
Landsat 8 OLI 14 November 2016  137/43 30
Landsat 8 OLI 16 December 2016  137/43 30
Landsat 8 OLI 17 January 2017 137/43 30
Landsat 8 OLI 18 February 2017 137/43 30
Landsat 8 OLI 22 March 2017 137/43 30
SENTINEL-2A 12 April 2017 T46RCN&T46RBN 10
SENTINEL-2A 02 May 2017 T46RCN&T46RBN 10
Landsat 8 OLI 10 June 2017 137/43 30
Landsat 8 OLI 28 July 2017 137/43 30
MODIS 13Ql 13 August 2017 MOD13Q1.A2017225. 250
h26v06.006.2017250141655
MODIS 09Q1 30 September 2017 MOD09Q1.A2017273. 250
h26v06.006.2017282033722

Landsat 8 OLI 16 October 2017 137/43 30
Landsat 8 OLI 20November 2018 137/43 30
Landsat 8 OLI 22December 2018 137/43 30
Landsat 8 OLI 23January 2019 137/43 30
SENTINEL-2A 11February 2019 T46RCN&T46RBN 10
Landsat 8 OLI 28March 2019 137/43 30
Landsat 8 OLI 13April 2019 137/43 30
Landsat 8 OLI 15May2019 137/43 30
SENTINEL-2B 06June2019 T46RCN&T46RBN 10
Landsat 8 OLI 02July 2019 137/43 30
Landsat 8 OLI 18July 2019 137/43 30
Landsat 8 OLI 19August 2019 137/43 30
Landsat 8 OLL 20September 2019 137/43 30
Landsat 8 OLI 220ctober 2019 137/43 30
ASTER Global 13 June 2019 ASTGTMVO003_N25E091 30

DEM VOO3VNIR

TERRA

Source: Table produced by authors.
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According to Gao et al. (2015), recently launched Sentinel-2 images could be com-
bined with Landsat data for the mapping of crops and waterbodies for various purposes
(Gao et al., 2015). Despite some questions of accuracy in delineating flood extent due
to the low spatial resolution of MODIS data, such data have been used widely to map
vegetation cover as well as flood events due to its high temporal resolution (Memon
et al., 2015; Zeng et al., 2020). Although the Landsat 8 OLI/TIRS, Sentinel 2 and
MODIS images in this study had spatial resolutions of 30 m, 10 m and 250 m, respec-
tively, a data fusion approach was taken to sort out the spatial resolution mismatch
among Landsat 8, Sentinel 2 and MODIS data, following the approach taken elsewhere
(Wang et al., 2017; Gao et al., 2015; Gao et al., 2017). Subsequently, Sentinel 2 images
were required to create a mosaic that captured the intended study area. To facilitate
this, it was necessary to re-project the MODIS data into Universal Traverse Mercator
(UTM) Zone 46 N with World Geodetic System 1984 (WGS84) datum and have it
clipped to the AOI (area of interest). Although images from July 2017 and August
2019 had a little cloud coverage, the rest were cloud-free. For elevation analysis,
ASTER Global DEM V003 (spatial resolution 30 m) was used. The data (scenes or tiles)
were retrieved from the NASA geoportal (https://earthdata.nasa.gov/) and mosaicked
to cover the AOL

Multiple water indices analysis and correlation matrix After obtaining the satellite
images, they were clipped with the shapefile of the Sunamganj District. These images
were classified by various methods (using multiple water indices) to extract water-
related information (Figure 3). Algebraic equations with image bands were applied in
several bands viz. Green band, Red band, Near infrared (NIR) band, Shortwave infrared
1 (SWIR1) and Shortwave infrared 2 (SWIR2) band to extract flooded areas. Table S1
illustrates the various formulae of water indices used for waterbody extraction in this
study.

Subsequently, all results from the indices were tabulated. As ground data of
waterbodies and flooded areas were not available because of the study area’s remote
geographical location, the rainfall data of the area were used in the correlation matrix
to compare against the results from all the indices. All of these results were correlated
using Pearson correlation analysis in a correlation matrix. Bivariate correlation tools in
SPSS software were used to conduct the Pearson correlation analysis.

Analysis of annual waterbodies extension The NDWI method was adopted for this anal-
ysis because of its high accuracy rate and maximum matrix value. All 23 images from
each month (except two MODIS images) were classified with the NDWI method to
extract waterbodies. Those with values greater than zero were considered as water in
this classification. NDVI analysis was considered for delineating waterbodies only for
MODIS data because of the availability of separate NDVI bands. The permanent water
pixels from the dry season (January—March) were considered as perennial waterbodies.
Finally, all classified images and classification results were presented in a single graphi-
cal format.

Haor topography and seasonal waterbodies extension analysis Overall, five topographical
flood conditioning factors were analysed using DEM data in Google Earth Engine and
ArcGIS 10.8 software (Figure 3); namely:

a. Elevation: Elevation is the most significant factor in flood occurrence because gravita-
tional forces lead water to flow from high elevated regions to low elevated land
which creates flooding (Das, 2019; Mojaddadi et al., 2017). The lower elevated
region has a higher risk of flooding.
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Figure 3. Methodology adopted for the study, AOI = Area of interest, DEM = Digital Elevation Model,
UTM = Universal Traverse Mercator.
Source: Figure produced by authors.

b.

Slope: Surface runoff, floodwater velocity and water accumulation processes are gen-
erally dependent on the topographical slope (Fernandez & Lutz, 2010; Das, 2020). A
lower slope represents a higher risk of flooding.

. Aspect: Aspect is one of the most crucial factors in flooding that helps to identify the

flow direction of floodwater (Tehrany & Kumar, 2018).

. Topographic wetness index (TWI): The topographic wetness index (TWI) is a term for

assessing the tendency of water to accumulate under the influence of gravity at any
particular location within a catchment (Shahabi et al,, 2020). Moore et al. (1991)
proposed the following equation to calculate TWI:

TWI=In(As/tan p) (1)

Where, A, is the specific catchment area (m* m™) and g is the slope (in °). The

higher the TWI value, the higher the risk of flooding.

Drainage density: Drainage density is a significant topographical factor of flooding
which controls the discharge and flow direction of water (Sajedi-Hosseini
et al., 2018). A high drainage density refers to a high density of stream networks per
unit of area which is responsible for frequent floodings (Ogden et al., 2011).

Additionally, waterbodies from 6 seasons in 2018-2019 were also assessed and

overlapped as different layers over the elevation map in ArcGIS10.4 software. Next,
these layers were compared with land elevation to assess the seasonal areal extension
of perennial waterbodies.
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Inundated vegetation cover analysis In this part of the study, the vegetation cover of
Sunamganj District was analysed during three major periods: the dry season, the wet
season, and the flooding season. Vegetation cover was divided into two categories:
sparse and dense. An image from 28 March 2019 was tagged to the dry season while
images from 2 July 2019 was and 18 July 2019 were associated with the wet and
flooding seasons respectively. In Bangladesh, while the month of March distinctly
marks the dry season for lack of rain, the month of July is clearly indicative of the wet
season due to the onset of the monsoon. Generally, NDVI values that ranged between
-1 to 0.19 were considered as non-vegetated features e.g. water, sand, barren land, and
settlements. On the contrary NDVI values that fell between between 0.2 to 1 were con-
sidered as vegetated features (Quader et al., 2021). In order to categorize dense and
sparse vegetation more distinctly, we adopted Al-Doski et al.’s (2013) value range,
whereby values between 0.2-0.4 were considered sparse vegetation and values
between 0.4-0.6 were considered dense vegetation.

Water level data and rainfall data analysis The water level data of the Surma River and
the rainfall data of the Sunamganj District were used in this portion of the study. These
data were obtained from the Ministry of Disaster Management and Relief, Government
of Bangladesh, through a source known as the Daily Disaster Situation Report (https://
modmr.gov.bd/site/view/situationreport/Daily-Disaster-Situation-Report). From July to
August 2019, daily disaster reports were carefully analysed for flood-related informa-
tion. Furthermore, the 12-month total rainfall for 2018-2019 in Sunamganj District
and daily rainfall data for Meghalaya state were obtained from an international
weather news website (i.e. https://www.worldweatheronline.com).

Then, water level data and daily rainfall data for the flooding month of July 2019
were tabulated and analysed in MS Excel and SPSS. Finally, the results were presented
in a bar chart representing the relationship between rainfall and the water level of the
Surma River.

The limitations of the study

There are a few limitations to this work that could be addressed in future research. Firstly,
we found that the scarcity of cloud-free images was the main challenge in this study, as
almost every part of Bangladesh became cloudy in the monsoon season. Thus, it was not
easy to obtain cloud-free images from different platforms during the study period. Conse-
quently, we decided to use high temporal resolution MODIS data for August and
September 2017 although these data had low spatial resolutions (250 m). In an ideal situa-
tion, more cloud-free images in the monsoon season with high spatial resolution could
provide a more accurate measurement of the temporal expansion of waterbodies. Sec-
ondly, attaining ground data of the flooded areas was very challenging due to the remote
location of the study area. Thus, as an alternative, we used rainfall data in the correlation
matrix (Table 3). It would have been more ideal if we had gotten ground data of the
flooded area to justify our multiple indices results. Despite these limitations, the findings of
this study are still valuable enough to assist disaster management authorities in their flood
management, flood forecasting, and agricultural decision-making purposes.

Results

Multiple water indices results and correlation matrix
Figure 4 shows the results that were found from various water extraction methods in a
distinct time-frame. The results revealed that MNDWI and AWEIsh methods provided


https://modmr.gov.bd/site/view/situationreport/Daily-Disaster-Situation-Report
https://modmr.gov.bd/site/view/situationreport/Daily-Disaster-Situation-Report
https://www.worldweatheronline.com
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Table 3. Correlation matrix of classification results from different indices.

Rainfall NDWI NDVI MNDWI AWEIsh WRI Sum457 PCA

Rainfall 1 0.831 0.817 0.747 0.733 0.770 0.803 0.826
NDWI 0.831 1 0.994 0.929 0.945 0.984 0.967 0.980
NDVI 0.817 0.994 1 0.897 0.917 0.969 0.941 0.966
MNDWI 0.747 0.929 0.897 1 0.990 0.965 0.959 0.924
AWEIsh 0.733 0.945 0.917 0.990 1 0.981 0.967 0.941
WRI 0.770 0.984 0.969 0.965 0.981 1 0.972 0.961
Sum457 0.803 0.967 0.941 0.959 0.967 0.972 1 0.985
PCA 0.826 0.980 0.966 0.924 0.941 0.961 0.985 1

Source: Table produced by authors. Note: All correlation is significant at the 0.01 level.
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Figure 4. Waterbody extraction by multiple water indices in Sunamganj District. Blue coloured areas
represent waterbodies.
Source: Figure produced by authors.

higher results in every time-frame compared to other indices used in this study by
detecting numerous non-waterbodies as water pixels. Many of the flood-free zones
seemed inundated with MNDWI and AWEI classifications. In contrast, NDVI methods
seemed unable to detect shallow water or muddy land; as such, many shallow
waterbodies appeared to be dry areas. Evidently, all of the indices showed that the
entire district’s waterbodies remained dry from January to April. From all indices, it
also cannot be denied that the lion’s portion of the district was inundated by water dur-
ing the flood of 2019. Subsequently, flooded areas continued to recede in September
and October. Despite a few classification errors, the temporal extension of waterbodies
was very transparent in all indices.

Table 4 demonstrates the correlation matrix of all indices and the results of different
indices found from the Pearson correlation analysis. Compared with rainfall data,
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Table 4. Comparison of floodwater extension between the 2017 flash-flood and the 2019
monsoon flood.

Month Temporal extension of waterbodies in Sunamganj District (area in kmz)
Flash-flood 2016-2017 Monsoon flood 2018-2019

November 1651.14 1211.24

December 1260.62 930.59

January 583.53 259.93

February 153.33 150.99

March 36.59 60.2

April 1958.37 83.03

May 2147.95 747.67

June 1969.16 2060.36

July 2154 2783.97

August 1754.43 1946.68

September 1865.18 1876.13

October 2027.10 1580.35

Source: Table produced by authors.

NDWI had the closest correlation value (0.831) among all these indices, where the p-
value was 0.01. NDVI, Sum457 and PCA had proximate results to NDWI, 0.817, 0.803
and 0.826, respectively. On the other hand, MNDWI, AWEIsh and WRI provided
results (0.747, 0.733 and 0.770) that differed from the rest. Because of high correlation
accuracy, it is clear that NDWI is the best method to use for detecting waterbodies in
flooded areas; thus, NDWI was used for further analysis in this study.

Comparison of floodwater expansion between the 2017 flash flood and the 2019 monsoon in
Sunamganj District

Sunamganj District is very susceptible to floods because of its geographical location and
topography. Specifically, the district has a maximum land surface elevation of less than
10 m.a.s.] comprising partly of the relatively flat low-lying Haor basin, which is essen-
tially a bowl-shaped depression (Kamal et al., 2018; CEGIS, 2012). Flash flood runoff
from Meghalaya’s upstream hilly catchment often submerges the majority of the Haor
region in the Sunamganj District (Kamal et al., 2018). Because of the high accuracy rate
in the correlation matrix, NDWI analysis was adopted to assess the perennial
waterbodies and annual water circulation of the Sunamganj District.

Figure 5 illustrates the comparison between the temporal expansion of waterbodies
in 2016-2017 and 2018-2019. From the NDWI analysis, the Haor basin in both time-
frames seemed almost dessicated from the months of January to March. However, the
waterbodies in the basin started to expand during the pre-monsoon season of March—
April 2017 (Figure 5a) and the monsoon season of June-July 2019 (Figure 5b). Some
parts of the Haor region (north-western part of Sunamganj District) were found to be
wet the entire year and were considered to be perennial waterbodies. This was espe-
cially the case for Tahirpur and Dharamapasha sub-districts which contained the
greatest portion of perennial waterbodies that survived in the dry season. Perennial
waterbodies in the Sunamganj District in 2017 and 2019 were found to occupy
36.5 km? and 60 km? respectively. Some flood-free regions, located in
Bishwamvarpur, Chhatak and Dowarabazar sub-districts, could also be identified in
Figure 5. Notably, a massive difference was found in the area of waterbodies between
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Figure 5. Temporal expansion of waterbodies in Sunamganj District; (a) Extension of waterbodies between
November 2016 and October 2017, (b) Expansion of waterbodies between November 2018 and October 2019.
Source: Figure produced by authors.

April 2017 (1958 km?) and April 2019 (83 km?). This occurred due to the early 2017
flash flood. In July 2019, perennial waterbodies extended 46 times their perennial area
(to almost 2784 km?) during the flood. After July-August 2019, water levels started to
decline again and return to perennial water levels in January—February in both time-
frames.

The basic difference between the pre-monsoon flash flood of 2017 and the monsoon
flood of 2019 is found in the temporal extension of waterbodies. A dramatic rise was
identified (Table 4) in the 2017 pre-monsoon flash flood where waterbodies expanded
very quickly from March to April (extending from 37 km? to 1958 km?) due to surface
runoff from the upper hilly areas. Sudden flooding in the Haor region damaged a vast
area of cropping lands during the 2017 flash flood. On 2 May 2017, the inundated area
was found to cover a total of 2148 km?. In 2019, water extension was detected only after
the month of June and the largest inundated area reached was 2784 km? on 17 July
2019, more than two and a half months later as compared to the 2017 maximum. The
damage from the 2019 monsoon flood was relatively lower than that of the 2017 flash
flood. The flooding or water extension in June, July and August of 2019 was to be
expected because of the rainfall pattern in the monsoon season in the north-eastern part
of Bangladesh. However, the extension of water in March, April, and May of 2017 was
unusual and occurred due to excessive early rainfall in the upper basin of the Haor area.

Haor topography and seasonal waterbodies extension analysis

The low elevation and bowl-shaped topography of the Haor areas are often significant
factors that contribute to frequent flooding in the Sunamganj District (Kamal
et al., 2018). Figure 6a demonstrates that the Haor basin (north-western part of
Sunamganj District) has an average land elevation of less than 2 m.a.s.l. and is very
vulnerable to flooding. Almost every year, this region remains inundated because of
surface runoff from Meghalaya hills and excessive rainfall. Also, its bowl-shaped flat
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Figure 6. Relationship between the land elevation of the Haor region and temporal extension of waterbodies
in 2019; (a) Land elevation; (b) Seasonal extension of waterbodies. Red coloured areas in the map represent
maximum extension of floodwater during flooding.

Source: Figure produced by authors.

topography makes the Haor zone a water reservoir. There are, however some flood-
free areas adjacent to the Meghalaya hill range located in the north-eastern part of this
district (Bishwamvarpur sub-district, Chhatak sub-district and Dowarabazar sub-dis-
trict) with an elevation of around 2060 m.a.s.l.

Figure 6b represents the seasonal temporal extension of waterbodies in the Haor
basin. This map confirms the dryness of the spring and winter seasons and shows the
gradual extension of waterbodies in this region. During the summer and rainy seasons,
the area of waterbodies increased dramatically. In fact, maximum extension occurred
in the summer. In the summer, waterbodies spread around eight times the extent that
it expanded in the spring season. During the flood of 2019, the waterbodies almost
inundated the entire Haor basin. Areas between 8 to 14 m.a.s.l. were also inundated in
2019 by floodwater.

With the exception of a few regions, it can be observed from the slope map of
Sunamganj district (Figure 7a), that almost the entire district has a very low slope angle
(0—1.1 degrees). This is one of several factors that explain why this region is highly
prone to flooding. This susceptibility to flooding also becomes apparent when studying
the aspect map of Sunamganj district (Figure 7b) which shows that while a maximum
amount of area seems to consist of flat land, no major aspect is found. According, to the
Topographic Wetness Index (TWI) map (Figure 7c), the TWI value for the entire region
is between 10 to 15 which is at the very high end of the range and another indication of
high risk flooding in the region. Further, Figure 7d reveals that the entire study area has
a higher drainage density coupled with clustered stream networks. More specifically,
Tahirpur and Jamalganj sub-districts, where most of the Haors are located, have higher
drainage densities of around 157.1 m/m? to 296.6 m/m?. It is also worth noting that the
length of all stream channel networks in the entire district equates to 1067.84 km.

The effect of flooding on vegetation in the Sunamganj District
According to NDVI analysis, the dry season recorded almost 2964.1 km?® and
470.4 km? of sparse and dense vegetation cover respectively (Figure 8a). Due to rainfall
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Source: Figure produced by authors.

and surface runoff in the rainy season, agricultural land was submerged by rainwater
which accounted for the vegetation cover decline. In the wet season (Figure 8b), while
sparse vegetation was found to occupy 563.1 km? dense vegetation was found to
occupy only 53.85 km?. When the 2019 flood occurred, freshwater mangrove trees like
Hijol trees (Barringtonia acutangular) were inundated in the Haor region. During the
flood (Figure 8c), sparse vegetation was calculated to occupy only 253.97 km? while
dense vegetation was found to occupy only 1.29 km?. NDVI analysis revealed that the
monsoon floodwater in 2019 inundated a total of 361.7 km? of vegetation cover,
including agricultural land where floodwater submerged 309.1 km? of sparsely vege-
tated and 52.6 km? of densely vegetated areas. Aside from that, 2401 km? of light veg-
etation and 416.5 km? of dense vegetation was submerged due to seasonal extension
(dry season—>wet season) of waterbodies (Figure 8).

Rainfall patterns and the water level of the Surma River

Figure 9 shows that the water level of the Surma River increased because of excessive
rainfall that occurred simultaneously in the Sunamganj District and the Meghalaya
hilly catchment areas. Very heavy rainfall occurred from 8 July 2019 to 12 July 2019,
which raised the water of the Surma River to dangerous levels. Subsequently though,
the water level declined slowly over time. The water level of the Surma River rose to
84 cm causing severe flooding (inundating 73.9 per cent of the area) when it over-
flowed the riverbank in Sunamganj District. On 2 July 2019, the areas inundated in
Sunamganj District totalled 2300.5 km? and extended up to 2784 km? on 17 July
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Figure 8. Effects of flooding on vegetation cover in the Sunamganj District. (a) Vegetation cover during the
dry season (28 March 2019); (b) Vegetation cover in the wet season (2 July 2019); (c) Vegetation cover
during the flood (17 July 2019).

Source: Figure produced by authors.

2019, due to heavy rainfall in Sunamganj District and Meghalaya Hill area. Due to
incessant heavy rainfall and the rise of the water level of Surma, the inundated area
increased by about 483.5 km? during the flood of 2019.

Discussion

The north-eastern depressed basin provides livelihood opportunities for a significant
number of people. Although the land of this low-lying basin is only suitable for single
crop cultivation, around 20 per cent of the country’s Boro rice comes from this region
(Kamruzzaman & Shaw, 2018). Additionally, enormous fish stocks and other wetland
ecosystem services contribute to both local and national economies. Due to flooding,
which is increasing due to global environmental changes, primary livelihood activities
of this area are becoming increasingly vulnerable and this has attracted some research
and policy attention (Rahman, 2018). Global climate change, in particular, rainfall
variation in upstream Meghalaya region of India, is increasing the frequency of pre-
monsoon flash floods as well as monsoon floods (Bhattacharjee, 2011). This is threat-
ening the livelihood security of the north-eastern Haor residents (Rahman, 2018).
Therefore, close analysis of the flood hazard extension in the north-eastern basin
through geo-spatial techniques is necessary to monitor the floodwater extension and
promote sustainable livelihood security.

Delineation of the gradual expansion of waterbodies in the Haor region helps to
identify the dynamics of flood hazards (Haque et al., 2021). The nature of the extension
differs, based on the nature of the flood (i.e., whether caused by flash flooding or mon-
soon flooding). In 2019, the entire Haor region was dried up from January to April;



Geospatial assessment of flood 17

180
80
160
140 60
120
40
100
80

60

74
—
v
Water level (cm)

Rainfall (mm)

1-Jul-19

24-Jul-19

30-Jul-19

E=m Rainfall in Sunamganj (mm) IRainfall in Meghalaya (mm)  ——=Water level of Surma River (cm)

Figure 9. Amount of rainfall in the Sunamganj District and Meghalaya State (India), as well as the water
level of Surma River during the flooding season in 2019.
Source: Figure produced by authors.

then waterbodies started to increase from May onwards (Figure 4). This happened
because stream channels in the entire Sunamganj district (about 1067.84 km, see
Figure 7d) dried up from January to April and became significantly flooded in the sub-
sequent monsoon season. Monsoon winds brought rainfall in the Meghalaya catch-
ment and subsequently increased the water level of all stream networks and the Surma
River in July 2019 (Figure 9). Flood extension thus depended on the occurrence of
rainfall in the upstream and peak discharge of the river water in the case of monsoon
flooding (Suman & Bhattacharya, 2015). In terms of water extension, we discovered
that pre-monsoon flash floods caused a rapid extension of waterbodies in the research
area around April, 2017 (Figure 5). From Figure 5, it is also obvious that waterbodies
increased dramatically within a very short period of time from March to April 2017. As
boro crops (which are considered the staple crops of Haor region) are cultivated during
the months of January to May (Mosleh & Hassan, 2014), boro cultivation faced severe
damage during every pre-monsoon flash flood event because local farmers were
unable to collect and save their pre-mature boro crops within this short period of time
(Kamruzzaman & Shaw, 2018; Abedin & Khatun, 2019). As mentioned earlier, water
extension during monsoon floods occur more slowly and later on in the months of
June-July over a longer period. By that time, the crops would have already been col-
lected; this translates into a relatively lower crop damage rate during monsoon flooding
as compared to during pre-monsoon flash flooding in the Haor region. Optical remote
sensing provides ample opportunities to understand the water dynamics of floods, but
the result is dependent on the methods used. NDVI, which is a widely used index in
such research (Dong et al., 2014; Powell et al., 2014), was found to be less accurate in
measuring water extension in the case of monsoon flooding in Haor region whereas
the NDWI method achieved maximum accuracy rates.

In this study, NDWI analysis revealed that the perennial waterbodies of Sunamganj
District in 2017 and 2019 were 37 km? and 60 km?, respectively. The largest portion of
perennial waterbodies is located in the Tahirpur and Dharamapasha sub-districts. In
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the 2017 pre-monsoon period (March—April), these waterbodies increased rapidly in
size and inundated a vast proportion of land, including crop land. The inundated area
increased 53 times its perennial size within one month (from March to April) in 2017.
A study by Aldhshan et al. (2019) found that on 26 March 2017, the flooded area was
about 4.5 per cent; however, at the beginning of April, flooding occupied around
45 per cent of the area. In 2019, however, our study uncovered that the waterbodies
gradually started to extend later on during the monsoon season (June—July). In July
2019, flood water inundated 2784 km? of land in total. Within only 16 days (2 July
2019 to 18 July 2019), floodwater extended over 484 km? in area.

Two primary reasons were found to be behind frequent flooding in the Sunamganj
District and especially in Haor areas. First, excessive rainfall in Sunamganj District and
the upper hill catchment of Meghalaya raises the water level of the Surma River
(Figure 9) which then overflows the riverbank (Bhattacharjee, 2011). Secondly, this is
exacerbated by the bowl-shaped low topography of the Haor region. Indeed, previous
results have revealed the average land elevation of the Haor region to be about 1-2
m.a.s.l (CEGIS, 2012). Moreover, the elevation of surrounding highlands of the Haor
basin measures 8-14 m.a.s.l., which places it at a much higher level than the depressed
basin (Figure 6a), so that water (rainwater and surface runotf from the Meghalaya
hills) flows and assembles in the depression, creating flooding conditions. The study
also found that the Haor region in Sunamganj District remained dry with the exception
of some deep beels in the winter—spring season; then the water level dramatically rises
in the summer and monsoon seasons due to inclement rains. Similarly, CEGIS (2012)
found the maximum land surface elevation of the Haor wetlands to be less than 10 m.
a.s.l. during the monsoon season; these lands were inundated with floodwater for 7-8
months to a typical depth of 0-5 m.a.s.l. In another study conducted in 1988, Islam
and Sado (2000) used NOAA digital elevation data to estimate the combined flooded
area in Bangladesh between 18 and 24 September and 8 October 1988 and found that
it fell between the range of 47 per cent to 50 per cent, while 68 per cent of the flooded
area lay between 0 and 12 m.a.s.] in elevation. It is quite clear from the above findings
that low elevation is a significant factor contributing to frequent flooding in the Haor
region. There are, however, some flood-free regions adjacent to the Meghalaya hill
range in the north-eastern part of this district (Bishwamvarpur, Chhatak and Dowa-
rabazar sub-districts). These areas were classified as highland areas (20 to 60 m.a.s.l.)
that remained dry during the flooding seasons. Aside from low topography, low slope
angles, flat aspect, high TWI and high drainage density are additional factors responsi-
ble for frequent flooding in the north-eastern depressed basin of Bangladesh
(Figure 7). Furthermore, in mid-July 2019, rainfall caused the Surma River’s water
level to rise to 84 c¢m, inundating 73.9 per cent of the total area of Sunamganj District,
including a vast portion of agricultural land. Notably, Hoque et al. (2011) also found
inundated areas to be related to the highest rainfall and peak water levels. Hence, high
annual rainfall also accounts for frequent flash flooding in the low-lying Haor (wet-
land) region of north-eastern Bangladesh, including Sunamganj District (Kamal
et al., 2018; Humanitarian Response, 2017).

In relation to flood impact on the vegetation of Sunamganj District, the data showed
that almost 361.7 km? of vegetation cover (including agricultural land) was inundated
by floodwater in 2019. Part of the inundated land comprised 309.1 km? of sparse vege-
tation and 52.6 km? of dense vegetation (Figure 8). According to Hossain ef al. (2017),
available land declined from 47.86 per cent to 14.22 per cent. Almost 33.64 per cent of
agricultural land was inundated in the flash flood of April 2017. Ahmed et al. (2017)
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found that the crops of Sunamganj District did not survive floodwater and was signifi-
cantly damaged. While NDVI-values were close to 0.4 in the first imaging date after the
flooding event (7 April 2017), they were close to zero or negative in the following
imaging dates (23 April 2017). The fall in NDVI values indicated that boro crops that
initially survived were ultimately submerged and damaged by floodwater. The most
affected district was Sunamganj District, whereby about 65 per cent of cultivated boro
crops were damaged in 2017. As the Haor region vastly contributes to the national
economy, flood impacts could potentially affect an estimated annual production of 5.25
million MT of rice (Humanitarian Response, 2017). In a study conducted by Uddin
et al. (2019) in the Sylhet and Rangpur divisions, the authors estimated agricultural
land damage caused by the 2017 floods to be 1.51 per cent in April, 3.46 per cent in
June and 5.30 per cent in August. Evidently, the country’s GDP suffers from vast losses
due to floods almost every year. This affects not just GDP, but individual livelihoods
and nutrition. Scarcity increases the price of rice, causing a reduction in its atfordability
to the general population. It also places pressure on governments to subsidise distribu-
tion of what remains after flooding.

Conclusion

The aim of this study is to (i) assess the temporal and spatial dynamics of the maximum
flood extent during the pre-monsoon flash flood of 2017 and monsoon flood of 2019
and (ii) identify the perennial waterbodies in Sunamganj District using geospatial tech-
niques. Various indices have been used to assess the flooded areas. We found that NDWI
performs very well compared to other methods; notably, the correlation matrix revealed
that NDWI, NDVI, Sum457 and PCA had almost similar correlation values, respectively:
0.831, 0.817, and 0.803 and 0.826 when compared with the rainfall data of Sunamganj
District. On the other hand, correlation values from MNDWI, AWEIsh, and WRI (0.747,
0.733, and 0.770, respectively) differed from the other indices. NDWI analysis revealed
that perennial waterbodies in 2017 and 2019 were assessed respectively to be 37 km?
and 60 km? in Sunamganj District. In the 2017 pre-monsoon flash flood, waterbodies
noticeably increased from March to April. However, in July 2019, monsoon flood
waterbodies started to extend after May and flooded an area of 2784 km?>. A Digital Ele-
vation Model map was also analysed to determine the Haor basin’s mean altitude which
was found to be below 2 m.a.s.l. In winter and spring, the Haor basin remained dry; but
at the beginning of summer, waterbodies increased dramatically due to rainfall and sur-
face runoff from the Meghalaya hill range. NDVI analysis revealed that 361.7 km? of veg-
etation cover was inundated by floodwater, including agricultural land in the 2019
monsoon flood. During that flood, the Surma River’s water level rose to 84 ¢cm which
caused flooding of almost 73.9 per cent of Sunamganj District.

This study has uncovered the water extension processes of pre-monsoon flash
flooding and monsoon flooding, which we hope could help the government and
authorities concerned with flood monitoring, mapping and management. Moreover,
this study’s findings could be beneficial for agronomists and local farmers in decision-
making for crops cultivation in the Haor region by demarcating flooded zones. The
findings of this research could also benefit the disaster management authorities of
flood-prone countries to predict and manage impending flood hazards. Furthermore,
we hope that the visualization of floodwater extension and Haor topography in this
paper would help readers to better understand how floodwater gradually extends in
such areas.
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