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Abstract

Floods are recurrent events in the floodplains of Coochbehar district inundating and dam-
aging considerable quantities of standing crops and hampering the livelihoods of thousands
of peoples. This paper addresses an efficient and reliable methodology for preparing flood
risk map for the Coochbehar district based on two essential concepts of hazard and vulner-
ability. With the aid of analytical hierarchy process, a variety of hazard and vulnerability
defining criteria have been weighted according to their contributions and were further pro-
cessed in the geographical information system environment to observe and assess spatial
characters of flood hazard index (FHI) and flood vulnerability index (FVI) that collectively
have defined the flood risk index (FRI). Accordingly, the eastern, southeastern, southern,
central and north-central parts of the district are prone to frequent floods while vulnerabil-
ity levels are higher at areas locating particularly along the India-Bangladesh international
border in the south, southeast and southwest and in some isolated clusters in the central
and north-central parts. The influences of these FHI and FVI in shaping the FRI distribu-
tion were observed to be varying at places. The Tufanganj subdivision is found to be the
least safe administrative unit followed by the Coochbehar Sadar, Mathabhanga and Dinhata
subdivisions. The rest, i.e., the Mekliganj subdivision is observed to be relatively safe but
is not immune at all. The flood risk distribution yielded the information of 58 (4.91%) set-
tlements with higher FRI scores followed by 145 (12.29%) villages/towns with moderate
and 456 (38.64%) villages/towns under low flooding risks.
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1 Introduction

Flood as a frequently occurring hazardous phenomena often results in immeasurable
human sufferings and economic losses (Qi and Altinakar 2011; Balica et al. 2013) through-
out the globe; however, its intensity varies with time and spaces. Since last three decades,
the trends in flooding have increased globally and this increase is comprehensively due to
the effects of climate change, changes in landuse and other human intervention activities
(Kourgialas and Karatzas 2011). It is predominantly the developing countries particularly
those situated in the Asian continent that experience around 90% of such natural disasters
and 95% of resultant life losses (Gupta et al. 2003). As floods are perhaps impossible to be
prevented completely and their negative consequences can be experienced (Dewan et al.
2007) and evaluation and management of future floods is therefore, a more feasible option
(Kourgialas and Karatzas 2011). It lays the evolution of the approach of ‘flood risk man-
agement’” which comprises of two basic foundations namely—(a) flood risk assessment and
(b) flood risk mitigation (Schanze et al. 2006; Kazakis et al. 2015). Undoubtedly, flood
management strategies at any scales demand the identification of flood prone areas (Teh-
rany et al. 2013) at the beginning to provide early warning, facilitate quick response and
reduce the impact of possible flood event. Besides the comprehensive mapping of flood
vulnerable locations, flood risk maps are essentially critical tools to check the effectiveness
of the existing flood defense systems. Hopefully, in recent years the flood prevention and
mitigation strategies took a u-turn from the classical ‘flood defense’ approach that have
emphasized solely in controlling the floods through some structural measures to a ‘flood
management approach’ which relies on integrated risk assessment studies and cost-benefit
analyses (Merz et al. 2010; Dottori et al. 2018).

In recent years, the flood vulnerability and risk analysis/mapping studies have seen rapid
methodological development (Tehrany et al. 2017). Numerous studies have been made to
assess flood vulnerability and risk of different parts of the world (Hu et al. 2017) and dif-
ferent techniques and approaches have been employed to identify flood risk and delineate
them into maps, e.g., Multiple Criteria Analysis (Hazarika et al. 2018; Sharma et al. 2018);
Frequency Ratio, Cluster Analysis, Principal Component Analysis and varied statistical
models (Fernandez et al. 2016a; Khosravi et al. 2016; Mollah 2016; Rahmati et al. 2016a);
Analytical Hierarchy Process (Hu et al. 2017); Indicator based indexing (Balica et al. 2009;
Balica 2012a, b; Balica et al. 2012); and a variety of modelling approaches applied in the
GIS environment (Sanyal and Lu 2006; Tehrany et al. 2013, 2014). Out of these set of
methods, the analytical hierarchy process (AHP) is been used widely for flood risk assess-
ments (Sinha et al. 2008; Fernandez and Lutz 2010; Kazakis et al. 2015; Elkhrachy 2015;
Rahmati et al. 2016b; Hu et al. 2017; Ghosh and Kar 2018) because of its clear and strong
practical applications and realistic reflection of the elements of floods and its affected sys-
tems (Hu et al. 2017).

Usually, floods are multidimensional and have spatial components indicating the flood
risk studies to understand their causative factors that are further characterized by some
complex multiplicity in terms of their sources, types, scales and resolutions. Therefore,
they need to be geographically correlated to each other (Rahmati et al. 2016b). GIS as
an integrated domain consisting of an information database and analytical tools with its
use as a decision support system is getting much popular in vulnerability and risk assess-
ment studies (Sanyal and Lu 2006; Dewan et al. 2007; Qi et al. 2009; Tehrany et al. 2013,
2014; Rahmati et al. 2016a; Khosravi et al. 2016; Tehrany et al. 2017) in recent times.
Besides, GIS not only can locate the flood vulnerable areas but can also predict future flood

@ Springer



Natural Hazards (2019) 99:247-274 249

scenarios and thus, reinforcing the flood preparedness through providing early warning and
emergency response during crucial events (Kia et al. 2012; Tehrany et al. 2013). The effi-
ciency of the coupling of AHP with GIS has been validated in several studies, e.g., Fer-
nandez and Lutz (2010) found that the flood hazard map obtained by combining MCDA
(AHP) with GIS for the Tucuméan province of Argentina contained good degree of accu-
racy proving it as a powerful method for such tasks. Rahmati et al. (2016b) observed that
the coupling of AHP with GIS is capable in yielding reliable prediction of flood extent and
mapping of flood hazard potential areas, particularly for data-lacking regions.

India is a ‘land of monsoon’ (Subrahmanyam 1986) where monsoon is regarded as a
boon due to its prominent influence upon the agricultural productivity and economy of the
nation (Paul et al. 2016). However, monsoon also denotes a season of anxiety for about 32
million people of the country who are subjected to annual average flood inundation (Kale
2004). The eastern Indian state of West Bengal has been no exception as about 55.80% area
of the state is susceptible to floods (Nath et al. 2008) with average inundation extent of
0.799 million hectares influencing the livelihood of 4.07 million people annually (Central
Water Commission 2018). Unlike its southern counterpart (tract lying south to the Ganga
River) the northern and northeastern parts of the state (collectively termed as North Ben-
gal) possess unique physiographic and orographic setting controlled by the eastern Hima-
layas. Numerous small to medium streams coming down from this giant landmass meet at
the foothills and form large, wandering or braided rivers like the Teesta, Jaldhaka, Torsha,
Raidak and Sankosh all of which finally debouch into the mighty Brahmaputra river. These
rivers brought immense load from the Himalayas in forms of boulders, gravels, sand and
silt and deposit the coarser ones at the foothills in the extreme north due to lesser slopes
(Starkel et al. 2008) while accrete the finer particles in the south (parts of Darjeeling, Jal-
paiguri and Alipurduar districts and entire Coochbehar district) to form and shape their
wide, flat and almost monotonous floodplains subjected to inundation for multiple times
even in a single monsoon season hampering the livelihoods of the floodplain dwellers. This
backdrop makes it utmost necessary to determine and map this flood risk and its underly-
ing elements of flood hazard and vulnerability with a few prioritize objectives designated
for this present work: (a) identifying and selecting suitable indicators or variables capable
of explaining the hazard intensities and flood vulnerabilities; (b) weighting these indicators
according to their significance and correlating them geographically; (c) mapping and ana-
lyzing the hazard intensities, vulnerabilities and flood risk levels spatially and identifying
the key areas that need priorities in flood management policies.

2 Study area

The study has been carried out in the northeastern district of Coochbehar that roughly
corresponds to the positional extent between 25°57'47"N and 26°36"20"N latitudes and
88°47'44"E and 89°54'35"E longitudes covering an area of 3388.34 km?. Coochbehar is
internationally bordered by Bangladesh from the south, southwest and southeast directions
while Assam sets the eastern interstate limit and the remaining northern and northeastern
neighborhoods are formed by Alipurduar and Jalpaiguri districts, respectively (Fig. 1).

The entire landmass of the Coochbehar district is drained by seven Himalayan riv-
ers making it a land of seven rivers namely Teesta, Jaldhaka (also known as Mansai near
Mathabhanga and as Singimari near its exit point to Bangladesh), Torsha, Kaljani, the ana-
branches of the Raidak viz. (1) Raidak-I and (2) Raidak-1II, and Sankosh from the west to
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Fig. 1 Location map of the Coochbehar district

east following the regional slopes toward the south and southeast. The district is an amal-
gamation of wide, flat and merely elevated floodplains (mostly ranges within 1 to 5 meters)
developed and replenished by these seven rivers and their numerous perennial tributaries
(Table 1) of varying sizes. The physiographic monotony is faded away only by the lateral
oscillations of these plentiful rivers resulting into the formation of large numbers of aban-
doned and paleo channels, meander scrolls, neck and chute cut-offs—collectively called
as ‘beels’ or ‘nala’. All the large rivers and a majority of their medium sized tributaries
such as Shaniajan, Sutunga, Jarda, Duduya, Mujnai, Dolong, Buri Torsha, Ghargharia,
Giridhari, Dharala, and Baniadaha remain partly wetted for most part of the dry seasons
but start swelling immediately with the onset of southwest monsoon. Because of structural
weakness (Jana 2002), rapid changes in hydrologic regimes and higher rates of river bed
siltation and resultant river bed rise, these rivers frequently shift their courses (Jana 1997,
Sarkar 2008). Besides due the excessive meandering (e.g., Baniadaha has a sinuosity index
(SD) of 2.19, Ghargharia has a SI of 1.98, Gadadhar and Sutunga have SIs of 2.13 and 1.74
respectively) the small and medium sized channels are featured by sluggish flows and fre-
quently migrates into the immediate riparian neighborhoods that have been mostly altered
into croplands during high flow events. On an average, there are about 102 rainy days in
a year yielding an average annual rainfall of 2945 mm that increases up to 3200 mm in
the north and decrease to nearly 2600 mm at the Indo-Bangladesh border in the south. An
annual rainfall trend analysis for 1950-2013 (Fig. 2a) suggests a slightly increasing linear
trend (R*=0.353) while the concern is the higher rainfall intensity (Sarkar 2008) as it is
frequent in the monsoons to record rainfall of more than 100-200 mm in a span of 24 h
(frequently continues for several days) initiating a quick swelling of the river waters.

The economy is primarily agricultural with some minor contribution from agricultural,
food processing and allied industries. The former princely state (before August 28, 1949)
of Coochbehar, now transformed into a district constitutes of five major subdivisions that
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Fig.2 Nature and elements of flood hazard in Coochbehar: a trend analysis of annual rainfall (1950-2013),
b frequencies of different magnitude floods (1950-2017), ¢ observed peak river discharge of the seven
major rivers during flood events (1999-2008)

include 12 Community Development Blocks (Table 1) namely (a) Mekliganj Subdivision:
Haldibari and Mekliganj C.D. blocks, (b) Mathabhanga Subdivision: Mathabhanga-I and
IT and Sitalkuchi C.D. blocks, (c) Dinhata Subdivision: Dinhata-I and II and Sitai C.D.
blocks, (d) Coochbehar Sadar (Headquarter) Subdivision: Coochbehar-I and II C.D. blocks
and (e) Tufanganj Subdivision: Tufanganj-I and II C.D. blocks. The total population is little
more than 2.8 million with a density of 832 persons per square Kilometer.

Floods are common and regular phenomenon for the Coochbehar district in the mon-
soon scenario. Floods here germinate either slowly or seasonally but continue for a few
days (mostly 2—4 days) to weeks long. As the major river basins are funnel shaped, the run-
off disposal is poor resulting into prolonged stagnation in the floodplain areas (Jana 1997).
As far as the flood frequency is considered, there were 67 floods occurred in between 1950
and 2017 (Fig. 2b). However, not all of these events were widespread and disastrous rather
some remained purely local, while some had only impacts on some neighboring settle-
ments situating along the floodways (Chakraborty 2017).

The changes in river water volumes are rapid and largely controlled by the incom-
ing rainfall and water from the tributaries. As the volume and concentration of rainfall
increase, the peak flow (Fig. 2¢) accelerates and encroaches toward its either bank and
spills where there are no embankments, the rivers flush into the settlements or crop-
lands through breaching the weaker sections or existing raincuts of the embankments.
Although, these floods were mostly caused by hydrometeorological and physiographic
drivers, the anthropogenic sides cannot be overlooked. The human influences are mainly
seen in worsening of the flood situations due to indiscriminate human occupation of the
floodways by agricultural-settlement encroachment and rapid landuse—landcover altera-
tion. In India, flood management has been mostly emphasized on traditional structural
measures rather than non-structural ones (Mohapatra and Singh 2003), and therefore,
construction of flood protection embankments is given utmost importance to contain
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the swelling rivers. Meanwhile, these embankments are mostly found close to the river
channels enhancing deposition and substantially increasing the rising river bed levels
(Chakraborty 2017). Thus, at some locations, the rivers are found to be flowing above
or almost at the same benchmark of neighboring settlements, e.g., Jaldhaka/Mansai
river near Dewanbas and Singijani villages (Mathabhanga-II C.D. block) or near Silduar
(Sitai C.D. block).

The flood event of August 12-16, 2017, has been designated as the largest flood of
last two and half decades prior to the 1993 floods as far the consequences are concerned,
however no data for the 1993 event is with us. The catastrophic flood of 2017 occurred
as a result of heavy intensive rainfall spelled for a 3 day, i.e., 10-12 August. Irrigation
and Waterways Department’s (IWD) Records showed that the rain gauges within the
district such as Mathabhanga, Coochbehar and Tufanganj received 471.8 mm, 586.1 mm
and 870.2 mm rainfall within this short span while the nearest rain gauges (in the north)
like Hasimara, Alipurduar and Barobisha (Alipurduar district) recorded 835.4 mm,
778.4 mm and 719 mm of rainfall. This torrential rainfall caused all the rivers to rise
beyond their extreme danger levels (EDL) and most of them particularly Jaldhaka (Man-
sai), Torsha, Kaljani and Raidak-I remained above their prefixed EDLs for several days
culminating widespread flooding. Except these large rivers their smaller and medium
tributaries which mostly have no embankments along their stretches spilled away their
immediate vicinities. It was reported that all the twelve C.D. blocks went under flood
water affecting the livelihoods of 1.3 million people (46.13% of district population) and
damaging standing crops of about 184,910 hectares (State Inter Agency Group 2017).

3 Data sources and methodology

Natural hazards such as floods are multidimensional, and hence, any analysis and mapping
of these events require a comprehensive database. An accurately demarcated district map
including the C.D. blocks and villages/towns therein was the first requisite in this work and
was obtained from the District Census Handbook (DCHB) of Coochbehar published by
the Census of India for the year 2011. A set of demographic and other socioeconomic data
regarding literacy, working population etc were compiled from this DCHB (2011). The
next task was to append all of these data in a geospatial attribute table. The base map was
georectified (RMSE-0.6 of a pixel) using the Universal Transverse Mercator (UTM) pro-
jection (Zone 45N) with WGS-84 datum in the ArcGIS™ 10.3.1 software. The onscreen
digitization was done manually for features like rivers, streams, road and rail networks at a
fixed scale of 1:5000 based on five scenes acquired by the IRS P6 (Resourcesat-I) satellite
with sensor LISS-4 (paths and rows 107/53d, 108/53a, 108/53b, 108/53c, 108/53d with cell
size-5.8 m) of February, 2014. While the landuse/landcover classification utilized a geo-
rectified Landsat 8 OLI/TIRS satellite image (Path and Row 1d-138/42, cell size-30 m) for
November 24, 2017 (post-monsoon season), which was further atmospherically corrected
by using the Semi-Automatic Classification Plugin (SCP) version 5.3.8 in the QGIS ver-
sion 2.2 (Valmiera) environment. Three Shuttle Radar Topography Mission (SRTM) Digi-
tal Elevation Models (DEM) of 1 arc second horizontal resolution were reprojected using
the UTM projection (Zone 45N) and the void filling was done by the ArcGIS Hydrology
toolset while the DEM mosaicing and extraction were done by the data management tool
of the same software.
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3.1 Hazard, vulnerability and risk: conceptual definitions

In present academic contexts, the term ‘risk’ is multidimensional as it is interrelated
with safety, economic, environmental and social issues and thus has a range of mean-
ings (Samuels 2006). Careful review of a plentiful scientific works revealed that three
basic elements are associated with modern flood management system: Risk (R), Hazard
(H) and Vulnerability (V) and can be expressed in a simple form (Wisner et al. 2004;
UNISDR 2009; Masood and Takeuchi 2012)-

R=HXV @))

It is only over the last few decades when the geographical approach of risk has devel-
oped (Defossez et al. 2017). As stated above the term ‘risk’ is multidimensional indicat-
ing its multiple definitions. However, the commonality is seen in its inherent elements
of hazard and vulnerability based on which most of the definitions have emerged.

For the present context, the definitions given by the United Nations International
Strategy for Disaster Reduction (UNISDR 2009) have been followed: The definitions
are—(a) Hazard: “A dangerous phenomenon, substance, human activity or condition
that may cause loss of life, injury or other health impacts, property damage, loss of
livelihoods and services, social and economic disruption, or environmental damage”.
(b) Vulnerability: “The characteristics and circumstances of a community, system or
asset that make it susceptible to the damaging effects of a hazard.... Vulnerability var-
ies significantly within a community and over time”. Flood risk management needs a
better understanding of vulnerability as a hazard turns into a disaster only after it hits
a system or community that is vulnerable to its effects (de Brito et al. 2018). However,
the assessment of vulnerability and its combination with the hazard to obtain risk dif-
fers with natural events. Thus, defining vulnerability essentially depends on the purpose
of the assessment. Vulnerability is in fact hazard-specific—"it is perfectly possible for
a system to be vulnerable to one hazard yet resilient in the face of another’ (Ciurean
et al. 2013). (c) Risk: “The combination of the probability of an event and its negative
consequences”. A methodological workflow comprising of a few consequent tasks has
been designed to assess the flood risk and its hazard and vulnerability components for
the Coochbehar district (Fig. 3).

3.2 The hazard and vulnerability indicators

Indicators are actually simple numbers and inherent features of a system which reflects
reality and quantitatively estimate the state of a system and generally highlight minor, rea-
sonable and palpable telling pieces to represent a bigger complex situation in simple terms
to a broader audience (Balica 2012a, b; Balica et al. 2012). The indicators here include
both the representatives of hazard and vulnerability—that define the flood risk. The flood
hazard incorporates a group of indicators (criteria) that consist of both the ‘disaster-induc-
ing factors’ and ‘disaster forming environments’ (Hu et al. 2017). Since vulnerability is not
an observable phenomenon, its indicators include the operators or simple functions of cer-
tain variables capable of predicting some future state that might or might not occur (Hinkel
2011). A total 16 indicators have been opted initially after going through a careful litera-
ture review and later were grouped as hazard indicators (N=8) and vulnerability defining
indicators (N=38) based on their functions and functional relationships.
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Fig. 3 Flood risk assessment framework

The hazard inducing as well as disaster forming indicators or criteria (Table 2 and
Fig. 4a-h) include predominantly the physical elements—(a) Elevation (based on zonal
statistics of SRTM larc Sec void filled and mosaiced DEM), (b) Surface slope (obtained
by applying ArcGIS surface analysis tool for the SRTM larc Sec void filled and mosa-
iced DEM), (c) Drainage density (ArcGIS density analysis tool is used for the stream
layer created from IRS P6 LISS-4 scenes), (d) Distance to river (applying multi-ring
radial buffers for distances of 100, 250, 500, 1000 m), (e) Maximum 3 days’ Rainfall
[Inverse Distance Weighting (IDW) interpolation of 3 days maximum rainfall amounts
recorded during August 10-12, 2017, at the rain gauges], (f) Proximity to stream con-
fluence (250, 500, 1000, 2000 m multi-ring buffer analysis), (g) Geomorphic features
[based on manual digitization of georectified scanned map prepared by National Bureau
of Soil Survey and Landuse Planning (NBSS and LUP) and image-based visual analysis
supported by field surveys conducted between September, 2013 and May, 2018], and (h)
Distance to embankment breach locations (500, 1000, 2000, 5000 m multi-ring buffer
analysis of flood-breached points reported by the IDW, Government of West Bengal and
field surveys).

The vulnerability indicators (Table 3 and Fig. 5a—h) emphasize more on the exposed
assets and on the resilient elements or criteria of coping abilities and therefore com-
prise of—(a) Population density (village level census data compiled from DCHB 2011
of Coochbehar), (b) Female population (village level census data of 2011), (c) Landuse
(maximum likelihood classification of Landsat 8 OLI/TIRS image of November 24, 2017),
(d) Road network density [ArcGIS density analysis tool is used for the road networks (all
weather roads only) manually digitized onscreen], (e) Distance to flood shelter (250, 500,
1000, 2000 m multi-ring buffers generated based on points denoting useable flood shelters
during emergency such as schools, colleges and dedicated flood shelters reported in the
District Disaster Management Plan of Coochbehar (2016) with coordinates information),
(f) Distance to hospital (multi-ring buffers of 500, 1000, 2000, 5000 m around government
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Fig.4 Hazard inducing and forming criteria: a elevation, b surface slope, ¢ drainage density, d distance to
rivers, e maximum 3 days’ rainfall, f proximity to stream confluence, g geomorphic features, h distance to
embankment breach locations

hospital or health center placemarks found on the Google Maps and web database), (g)
Literacy rate (village level census data of 2011), (h) Employment rate (calculated based on
village level working population information provided in DCHB 2011).

These indicators contain multidimensionality in their character as they originate
from varying sources as well as they also vary in their scales. The geographical cor-
relation of these multiple criteria was done within the ArcGIS platform where each
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Fig.5 Vulnerability indicators: a population density, b female population, ¢ landuse, d road network den-
sity, e distance to flood shelter, f distance to hospital g literacy rate, h employment rate

indicator or criteria were reclassed and ranked from 1 to 5 indicating very low to
very high hazard/vulnerability. All the reclassed rasters were further converted into
30 m X 30 m individual raster grids.
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Table 4 Saaty’s scale of
preference

Intensity importance

Definition

~N LN W =

9
2,4,6,8

Reciprocals

Equal importance
Moderate importance
Strong importance

Very strong or
demonstrated
importance

Extreme importance
Intermediate values

Inverse comparison

3.3 AHP and indicator weighting

Developed by Saaty (1977), AHP is a multi-objective, multi-criteria decision analysis that
uses a pair-wise comparison process to arrive at a scale of choices among a set of alterna-
tives (Fernandez and Lutz 2010). It utilizes a basic scale of absolute numbers (Table 4) to
represent individual preferences (Saaty 2008).

AHP also provides a numerical process to judge the consistency of the preferences (Fer-
nandez and Lutz 2010). The consistency of the judgment or of the comparison matrix can
be checked by the consistency ratio (CR) that allows the judgment or the preference to be
consistent only if the CR =>0.10. The consistency ratio is defined by:

CR = CI/RI (2)
where Cl is the consistency index and RI is the random index whose value is defined by the
number of criteria (n). The consistency index is expressed by:

Cl=(Amax —n)/(n—1) 3)
where Amax is the largest eigenvalue of the comparison matrix and » is the number of cri-
teria (here n=28).

For this present work, the consistency ratio (CR) was calculated as 0.0428, consistency
index (CI) as 0.060 while the random index (RI) for n=8 was 1.41 for both hazard and vul-
nerability indicators. The reclassed indicator rasters were assigned their respective weights
(W) based on the consistent comparison matrix.

3.4 Calculating hazard, vulnerability and flood risk indices

As mentioned above, the numerical expression of risk is given in terms of its inherent ele-
ments of hazard and vulnerability. Therefore, it is evident that formulation of the risk index
is the end product preceded by the determinations of the hazard and vulnerability indi-
ces. All these indices are in fact the results of the indicator ranks and their corresponding
weights obtained by AHP. Here, the hazard index has been defined by:
Flood Hazard Index (FHI) = (wgy X ELV) + (wg; X SL)
+ (wpp X DD) + (wpg X DiR)
+ (wgr X M3DR) + (wcon X CON)
+ (Wgeo X GEO) + (wgyp X EMB)

“4)
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where ELV, SL, DD, DiR, M3DR, CON, GEO and EMB refer to elevation, surface slope,
drainage density, distance to river, maximum 3 days’ rainfall, proximity to stream conflu-
ence, geomorphic features and the distance to embankment breach locations and wg; v, wg; ,
Wpps Wpir: WMsDR» Weons Waeo and wgyp are their corresponding weights. Vulnerability
index was calculated by:

Flood Vulnerability Index (FVI) = (Wpgppgy X POPDEN) + (wggy X FEM) + (wy x LU)
+ (Wroap X ROAD) + (wgyp X SHEL) (5)
+ (Whos X HOS) + (wpyp X LIT) + (wgyp X EMP)

where POPDEN, FEM, LU, ROAD, SHEL, HOS, LIT and EMP indicate population den-
sity, female population, landuse, road network density, distance to flood shelter, distance
to hospital, literacy rate and employment rate while Wpoppens WrEM> WROAD» WSHELs WHOS>
wy it and wgyp are the weights of each.

The resultant index scores of both hazard and vulnerability were normalized (dividing
individual class values with the maximum class value) and were formatted into GRID rasters
of 30 mx30 m spatial resolution to minimize the chances of misalignment (Hazarika et al.
2018). The flood risk index (FRI) was calculated based on Eq. 1 and with the aid of ArcGIS
Map Algebra tool. The FRI here is expressed as:

Flood Risk Index (FRI) = FHI X FVI (6)

The FRI scores were normalized using the similar method mentioned above, and rasters of
equivalent spatial resolution were created for regional and sub-regional analyses.

3.5 Efficiency assessment of the flood risk model

The primary goal of flood risk assessment studies comprises of attaining the information on
the areas or locations that might get inundated by future flooding. Therefore, it is essential to
determine the validity of the models irrespective of the methodologies employed in such stud-
ies in regard to unknown future flood events (Rahmati et al. 2016b). However, for data-lacking
regions this is indeed much painstaking such as the present one where data on flood depths
and/or flood impacts at micro levels are mostly unavailable hindering numerical judgments
such as flood frequency analyses. Therefore, the validation of the results were done only by
a database compiled from the reported flood prone areas by the Disaster Management Sec-
tion, Office of the District Magistrate, Coochbehar, Government of West Bengal (2016) along
with the flood locations reported by the local media houses during 2013-2017. The District
Disaster Management Section has reported a total of 280 settlements (incorporates 15 field
verification locations) as flood prone while from media reports another 29 (28 have been veri-
fied in the field) such inundation-prone settlements have been identified aggregating a totality
of 309 locations. These 309 locations, converted as georectified points were brought into the
ArcGIS environment. As the flood risk output developed from the datasets cannot represent
the model’s efficiency, it was suggested as unable for validation (Tehrany et al. 2017). Thus,
a set of points have been generated only for the settlements having low to very high flood risk
by using the mean center function form the spatial statistics tool of ArcGIS. To assess the
efficiency of the flood risk model, indirect methods of relative mean error (RME) and root of
mean-square error (RMSE) have been tested with minor modifications (the reported locations
were considered as observed locations while the modeled locations as predicted ones) utiliz-
ing the following equations:
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1
RME = - » REi
» 2 RE ™
. (Observed locations — Predicted locations) * 100
REi = . ®)
Observed locations
where RE; is the relative error in percent for the flood risk model.
1
RMSE = (-« 3" SEi)0.5
PRI ©)
SEi = (Obseved locations — Predicted locations)? (10)

where SE; is the squared error in percentage for the flood risk model.

4 Results and discussions
4.1 Intensity distribution of flood hazard

A district level flood hazard intensity map (Fig. 6) comprising of five classes ranging from
very low to very high intensity has been prepared based on the grid raster incorporating the
FHI scores for the Coochbehar district. It reveals that the Tufanganj subdivision is the most
flood prone area with exactly 50% (64) of the villages/towns comes under moderate to
very high and 35.48% (44) settlements under low flooding intensity classes. Mathabhanga
marks the second most flood prone subdivision within the district where around 35 vil-
lages/towns (13.01%) are under the threat of moderate to very high flooding intensity fol-
lowed by the Coochbehar Sadar subdivision having only 33 villages/towns (12.54%) under
similar hazard intensities. 56.86% of the settlements falling under the Dinhata subdivision

/;’
& 4
§ 1
‘\//\A -
Name of Sub-divisions
Legend 1. Mekliganj

Flood Hazard Intensity 2. Mathabhanga

- ~ V2 /S 3. Dinhata
L

T 5. Tufanganj

0 6 12 18 24 30 36 42Km.
e e

Fig. 6 Spatial distribution of flood hazard intensity over the Coochbehar district
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are marked with low to moderate flooding intensities. Most of the villages/towns of the
Mekliganj subdivision are found prone to very low flooding intensities but are not immune
at all. In a nutshell, there are only 28 out of 1180 census villages/towns (2.37%) that are
marked by high to very high FHI scores and majority of them belong to the Tufanganj-I
(11), Mathabhanga-II (7), Tufanganj-II (6) and Mathabhanga-I C.D. blocks while the rests
are situated in the Coochbehar-I and II C.D. blocks. Settlements prone to moderate intensi-
ties of flooding record a totality of 111 (9.40%) coming particularly from Tufanganj-I (30),
Coochbehar-1 (18), Tufanganj-II (17), Coochbehar-II (15), Mathabhanga-II (15), Mathab-
hanga-I (8), Dinhata-I (4) and Sitai (3) C.D. blocks. 442 villages/towns that are marked by
low FHI scores inclining partial inundation only during large magnitude floods such as the
August, 2017 flood and are distributed especially over the eastern, southeastern, southern,
central and north-central parts of the district and along all the major rivers. The largest
clusters of such settlements have been found in the Dinhata-II (73), Dinhata-I (72), Cooch-
behar-I (66), Mathabhanga-II (50), Mathabhanga-I (42), Coochbehar-II (34), Tufanganj-I
(26), Sitalkuchi (19) and Tufanganj-II (18) C.D. blocks.

It is evident that most of the flood prone areas are situated in the inter-fluvial domain
of the Torsha and Sankosh rivers and within Jaldhaka-Torsha rivers while only a few flood
prone areas are found along the right bank of the Jaldhaka river. In case of the Teesta, the
largest river of the region, only a few villages are there located along left bank of the river
near the Indo-Bangladesh border.

As far the causative factors behind the spatial distribution of FHI scores are considered,
it is found that the ‘disaster-inducing’ element, i.e., the maximum 3 days’ rainfall plays
the most significant role here. The rainfall volume as seen during August, 2017 flood event
tends to decrease substantially from the east to west (Fig. 4e). The ‘disaster forming’ fac-
tors such as elevation and slope plays vital role in transforming the flood hazards into dis-
asters. The altitudinal variations between the northwestern parts and the southeastern parts
or the eastern stretches are much profound if compared carefully (Fig. 4a). Surface slopes
are also much lesser in the eastern and southeastern parts of the district (Fig. 4b). These
two indicate (a) poor disposal of surface runoff, (b) greater chances of inundation due to
lower elevations and (c) pronounced stagnation of flood waters. The indicators of drainage
density and distance to river (Fig. 4c, d) demonstrated good control in FHI scores but only
in areas that are pre-weakened by lower elevation and lesser slopes.

Relatively significant influences in FHI scores were exhibited rather by the elements
of nearness to stream junctions, geomorphic features and the proximity to embankment
breach locations. Around 237 streams and rivers drain the plains of Coochbehar how-
ever, only the 24 major confluence points were taken into consideration (Fig. 4f) and they
were found in exhibiting good degree of influence on the spatial distribution of FHI. The
FHI scores are found within moderate to very high classes near the confluences of rivers
Raidak-IT and Sankosh, Raidak-I and Torsha, Kaljani and Torsha, Gadadhar and Raidak-
I, Buri Torsha and Torsha, Mara Torsha and Torsha, Duduya-Jaldhaka, Mujnai-Jaldhaka,
Dolong-Jaldhaka, Dharala-Jaldhaka, Sutunga-Jaldhaka, Jarda-Jaldhaka and Giridhari-Jald-
haka. As most of the major rivers now have elevated bed levels, the tributaries failed to
flush their waters into their main streams. Moreover, back thrusting is very usual phenom-
enon around such rivers’ convergence locations causing temporary tributary flow jamming
for several hundred meters to a few kilometers in the extreme lower reaches that ultimately
results in waterlogging and overbank spilling (Chakraborty 2017). The FHI hotspots were
mostly observed over and along the young active floodplains (Fig. 4g) that are habituated
with seasonal inundation. As mentioned above, the rivers of this region are experienc-
ing rapid siltation; therefore, avulsive movements and resultant shifting or adjustments in
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the river courses are usual during high flows (Sarkar 2008) that often convert a seasonal
flood into a griming one. The meandering floodplain as the name implies is dotted with
numerous beels and nalas (paleo channels and meander cut-offs), most of which have been
partially converted or filled for settlement and cultivation (Sarkar 2008) and have been
detached from their sources. These beels and nalas become parts of active fluvial envi-
ronment as soon as the monsoon arrives and as they have been choked at most places,
and overbank spilling is initiated with increasing rainfall volumes. The older floodplains
mostly undergone pluvial inundation caused by waterlogging due to lesser slopes and poor
drainage configurations as the rivers flowing over these older floodplains are featured by
sluggish flows due to excess meandering and temporary flow jamming for either elevated
trunk riverbeds or check dams. Most of the reported breach locations are also found in
association of the areas that have recorded moderate to very high FHI scores. Embank-
ments serve as the primary support in flood mitigation in the plains of Coochbehar but
during each monsoon incidents of breaching are reported by the decision managers. It is
usual to assert that the flashy rivers which are flowing over elevated beds, blocked by huge
in-channel deposition in the form of bars and islands and marked by pronounced variation
in their hydrological regime definitely sneaks into the raincuts on the embankments and
cut through them and devastating their immediate vicinities, e.g., breaching of the left side
embankment by the Jaldhaka/Mansai river near Baraibari of Mathabhanga-II C.D. block on
August 12, 2017, and resultant damage of a portion of the Falakata-Mathabhanga road and
further inundation of several villages for up to 3/4 days. The positions of such breach loca-
tions (Fig. 4h) and the associated moderate to very high FHI scores are therefore, inher-
ently correlated.

4.2 Spatial distribution of flood vulnerability

The flood vulnerability map (Fig. 7) based on the FVI scores obtained by indicator rank-
ing and AHP also incorporates five vulnerability classes ranging from very low to very
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Fig. 7 Spatial character of flood vulnerability
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high flood vulnerability levels. Unlike the FHI scores which considered predominantly the
physical elements, this FVI analysis takes mostly demographic and socioeconomic criteria
into consideration. The FVI scores are found at moderate to very high levels for the sub-
divisions of Dinhata (45.75%), Coochbehar Sadar (31.08%) and Mekliganj (31.05%) sub-
divisions. Unlike their significant FHI scores, the Tufanganj (29.68%) and Mathabhanga
(29.59%) subdivision have recorded diminished FVI scores in terms of moderate to very
high vulnerability classes. At block levels, there are at least 129 villages/towns (10.93%)
with high to very high FVI scores and come from Dinhata-I (24), Dinhata-II (18), Cooch-
behar-I (17), Sitai (13), Mathabhanga-II (12), Mekliganj (11), Sitalkuchi (9), Haldibari
(7), Coochbehar-II and Tufanganj-II (5 for each), Mathabhanga-I (4) and Tufanganj-I (4).
All of the C.D. blocks have contributed significantly in a collective total of 279 villages/
towns (23.64%) found to be associated with moderate flood vulnerability. However, high-
est numbers of such settlements have been observed at the C.D. blocks of Coochbehar-
I (42), Dinhata-I (39), Dinhata-II (35), Mekliganj (35), Sitalkuchi (23), Mathabhanga-II
and Coochbehar-II (19 for each) and Tufanganj-II (16). Villages/towns with low (367) to
very low flood vulnerability (412) are scattered well over the entire district; however, their
greater concentrations (collectively) were observed in the Mekliganj (110), Coochbehar-I
and II (92 for each), Mathabhanga-I (87), Dinhata-I (71), Dinhata-II (66), Mathabhanga-II
(63), Tufanganj-I (57) and Haldibari (41) C.D. blocks.

It is observed that majority of the most vulnerable settlements are situating along the
Indo-Bangladesh international border. This category of settlements has mostly low to mod-
erate population densities (Fig. 5a) but have greater shares of female population (Fig. 5b),
an important demographic indicator that has been reported as quite important in increasing
the vulnerability particularly for the patriarchal societies (such as in India) where women
form an important part of the undisclosed vulnerable groups (UNISDR 2016; Sharma
et al. 2018). Majority of these settlements are marked by families headed by females while
working age males migrated to other cities and states to acquire better means of earnings
and livelihood. In such circumstances, women who are deprived and disadvantaged socio-
economically can be expected to be more vulnerable and is likely to be affected greatly by
floods (Yumarni et al. 2014) The effect of agricultural landuse (Fig. 5c) is good but the
prominent factor being the lack of proper infrastructural developments which is reflected
by the lower existence of the resilient elements of road networks, flood shelters and hospi-
tals (Fig. 5d—f). Moreover, the literacy and employment (Fig. 5g, h) rates which are prime
issues in driving public awareness in emergencies and recovery after probable damages
are also at their lower levels increasing the FVI scores for these frontier locations. Some
random clusters are there at the central, north-central and northern parts of the district
which have been found as highly vulnerable and this vulnerability is the collective result of
moderate to very high population densities along with high to very high shares of female
population. Additionally, the landuse is primarily agricultural with some settlement areas
and wetlands. The road network density is not optimum (very low to moderate) as well
as no nearby flood shelters and hospitals are available within assuring distances. Besides,
both the literacy and employment rates at these villages/towns are moderate pushing them
toward an increasing vulnerability. The moderately vulnerable settlements are well dis-
tributed over the district and are characterized by moderate to high population densities
together with high to very high percentage of females within the village population, agri-
cultural landuse and the partial absence of flood shelters within close neighborhoods and
moderate employment rates. However, the FVI scores were brought down by the moderate
to high literacy rates, optimum road networks and nearby hospitals demonstrating good
degree of resilience. This is perhaps more true in case of the villages/towns with lower
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levels of flood vulnerability where the efficacy of the resilient elements has overshadowed
the exposed socioeconomic and demographic assets resulting into lesser FVI scores. How-
ever, it is true that these FVI scores are not rigid but may get altered with changes in its
indicators as well as with time and space. Thus, the FVI scores observed here are rather
exclusively space-time specific expressions. Since, vulnerability is a theoretical concept
(Ciurean et al. 2013) the indicators here simply have transformed it into an operational
one leading to the development of a predictive model, the outcomes of which are suggest-
ing potential states that might or might not occur. The FVI outcome at a glance appeared
dissimilar to the FHI profile of the district but can be justified by their subjective natures
as hazard represents an actual and existing state carved out by the physical elements that
alter steadily. Vulnerability, on the other hand, is a potential state that has been predicted
based on some socioeconomic indicators. This potential state of vulnerability may alter
with changes in its indicators and as these criteria are much more dynamic than the hazard
criteria. Thus, the present FVI profile may look different with variation in space and pro-
gression of time.

4.3 Risk profiles of the Coochbehar district and its subdivisions

The FRI scores computed for the Coochbehar district suggest that both the hazard and
the vulnerability elements have mutually carved out the flood risk patterns (Fig. 8)
over the district; however, their influences have been varied, i.e., at places the influ-
ence is in union while at some areas this has been clearly unilateral. The villages/
towns with higher scores of FHI but low to moderate FVI scores have been observed to
record higher FRI outputs as in case of the settlements in the eastern and southeastern
parts. These villages/towns mostly are situating along the banks of the Torsha, Kaljani,
Raidak-I, Raidak-II and Sankosh rivers. Settlements at low to high flood risk catego-
ries have associations with low to high FHI scores and with mostly low to moderate
flood vulnerabilities (with fewer villages/towns with very high FVI scores) and can be
exemplified by the villages/towns aligned along either bank of the Jaldhaka river and its

Name of Sub-divisions
1. Mekliganj

Legend

Flood Risk

& e p S 2. Mathabhanga
‘ 4 y ‘ T 3. Dinhata
-- C X o 4. Coochbehar Sadar
& & . . P ) :
o & o 5. Tufanganj
A A%
X
P\ 24 30 36 42Km.

e e

Fig.8 Distribution of flood risk over the Coochbehar district
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tributary Dharala (an earlier branch of the Torsha river) and Jarda rivers at the central
and southern parts. West to the Jaldhaka river, the vulnerability elements (moderate to
high FVI scores) have carved out nominal (low to very low) FRI scores instead off neg-
ligible FHI scores recorded at the villages/towns situating here. The district level flood
risk map provided the information of 58 (4.91%) villages/towns with high to very high
FRI scores followed by 145 (12.29%) settlements with moderate flooding risks and 456
(38.64%) locations with low FRI outputs. The rests (552) are characterized by very low
flood risk scores and are spreading predominantly over the western, southwestern and in
east-central parts of the district. Since, flood risk mapping is the most prioritized input
in future flood mitigation and preparedness, the entire Coochbehar district has been
divided into five administrative subdivisions (Fig. 9a—e) for comprehensive explanation
and detailed micro-level coverage.

The Mekliganj subdivision (Fig. 9a) is identified to be the safest as the district-scale
FRI distribution has demonstrated (26.48% villages/towns under low flood risk) in terms
of flooding risks. However, the nominal FRI scores (low to very low) cannot overlook
the potentialities of substantial flooding in regard to a micro-scale analysis. Although
majority of the villages/towns in this subdivision are grouped under low to very low
FHI scores some of them have moderate to very high levels of FVI indicating possibili-
ties of significant flooding with changes in the hazard intensities (as occurred during the
1968’s flood). This would be more prominent in case of the villages/towns located at
either bank of the Teesta (e.g., Uttar Bakshiganj, Bibiganj, Par Mekliganj, Dari Pattani,

1. Dinhata-1
2. Dinhata-11

- G 3. Sitai
[ Haldibari 1. Mathabhanga-I ¢ Hat
2. Mekliganf 2. Mathabhanga-IT %
3. Sitalkuchi -~ R\
0 4 8 12 ‘N 0 4 8 12 16Km.
e
\
@ (d) N Legend
2, A Flood Risk
e Very High
) ]
Very Low

——— Railroad

Raidak-II R.

Raidak-I R. Major Roads

I nganid | C.D. Block boundary

2. Tufanganj-1I Rivers

@s fueSueyny,
LR b

‘oochbehar-1
O 2. Coochbehar-11

8 16 Km.

12
Village/town Boundary

Fig.9 Spatial distribution of flood risk in the administrative subdivisions of Coochbehar district: a Mekli-
ganj, b Mathabhanga, ¢ Dinhata, d Coochbehar Sadar, e Tufanganj

@ Springer



268 Natural Hazards (2019) 99:247-274

Khasbas and Uttar Daribas in Haldibari C.D. block and Nijtaraf, Mekliganj municipal-
ity, Tista Nadir Payasti, Andaran Kuchlibari in Mekliganj C.D. block) and along the
right side settlements of the Jaldhaka such as Sarohati, Bara Dhulia Khalisa, Paschim
Dhulia Baldiahati, Purba Dhulia Baldiahati etc of Mekliganj C.D. block.

The Mathabhanga subdivision (Fig. 9b) constitutes an important hotspot for floods
and thus, has contributed collectively 14 (5.26%) settlements with high to very high FRI
scores along with 31 (11.65%) and 101 (37.97%) villages/towns with moderate and low
FRI scores, respectively. The rest of the 120 (45.11%) settlements come under the very low
flood risk category indicating safer locations. The Mathabhanga-II C.D. block recorded the
maximum concentration (11) of settlement areas in high to very high FRI scores while the
remaining C.D. blocks of Mathabhanga-I and Sitalkuchi have relatively safer positions in
terms of high to very high flood risks (2 and 1 settlements, respectively). In case of the
number of settlements prone to moderate-low FRI scores, Mathabhanga-I (53) is leading
and is followed by Mathabhanga-II (49) and Sitalkuchi (31) C.D. blocks. This subdivision
is predominantly drained by the Jaldhaka river itself and its plentiful tributary and distribu-
taries while some rivers and streams meet the Torsha river flowing along the eastern fringe
of the subdivision. The flood hazard intensities were found at moderate to very high levels
along these two large rivers. Therefore, preparedness and mitigation priorities are needed
for such high flood risk locations, e.g., Ksheti Phulbari, Phulbari Dewanbas, Singijani,
Angarkata Pardubi, Baraibari, Baghmara Sukhandighi, Lafabari, Sauderbas, Dwarikamari,
Dhalaguri, Unisha Bisha, Shalmara Dwitia Khanda (Mathabhanga-II), Jorpatki, Bhurunga-
mari, Kurshamari, Mathabhanga municipality, Khaterbari, Indrerkuthi, Nityanandi, Bherb-
heri Manabari, Pachagarh, Daibhangi (Mathabhanga-I) and Shibpur, Panaguri, Bhogdabri,
Bhaier Thana and Chhoto Salbari (Sitalkuchi).

The Dinhata subdivision (Fig. 9c) contains mostly settlements with low to moderate
(56.86%) flood intensities but is found under moderate to very high FVI scores influencing
the overall flood risk. Instead of its lesser to medium flooding intensities, this subdivision
has got 9 settlements (2.91%) in high to very high flood risk classes while collectively
there are 55 villages/towns that have moderate level of flood risk. 145 (47.38%) settlements
with low flood risk have been identified ensuring the rest 97 villages/towns of the subdi-
vision as safer locations in terms of flood hazard. At block levels, both Dinhata-I and II
were found to be the riskier areas containing 8 (4 for each), 48 (25 for Dinhata-I and 23 for
Dinhata-II) and 121 (65 and 56, respectively) settlements in a descending flood risk scale.
Comparatively, the villages/towns of Sitai are safer as there is only 1 settlement (Andaran
Singimari) found to be at high flood risk along the right bank of the Jaldhaka River. How-
ever, there are at least 7 and 24 locations recorded with moderate to low flood risk levels.
The Dinhata subdivision is drained entirely by the Jaldhaka (known here as the Mansai or
Singimari) and its tributary rivers such as the Giridhari, Dharala and Baniadaha. Major-
ity of these rivers (except the Jaldhaka) are too heavily sinuous and thus are featured by
sluggish flows for most part of the year. Besides, most of these rivers and their floodplain
remnants in forms of various wetlands have been degenerated by widespread agricultural
encroachment. Therefore, prolonged flood water stagnation is usual here worsening the
flood impacts and resulting into increasing flood risk. This is particularly true for the settle-
ments of Dinhata-I (e.g., Petla, Jaridharala, Bhoram Payasti, Bara Atiabari, Indra Narayan,
Panchadhwaji, Dukha Bholar Kuthi, Chandra Narayan, Okrabari, Bara Soulmari, Putimari
Phuleswari, Hari Bhanga etc.) and Sitai (Chamta, Brahmottar Chatra, Silduar, Bara Ada-
bari, Andaran Singimari, etc.) that are aligned to the major rivers of Jaldhaka, Dharala and
Giridhari. Contrastingly, the frontier areas of Dinhata-II (such as Dighaltari, Kumarganj,
Kochabari, Kalamati, Badalgir, Nagarerbari, Shukarur Kuthi, etc.) face weeks long flood
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stagnation mainly because of very poor runoff disposal owing to lesser slopes and small
number of drainage units.

The Coochbehar Sadar (Fig. 9d) registered as the second most riskier subdivision in
the district having 15 (5.70%) settlements under high to very high FRI levels along with
30 (11.40%) and 111 (42.20%) settlements featured under moderate to low FRI scales,
respectively. Out of its two constituent blocks, the Coochbehar-II contains nine village/
towns with higher flood risk scores. Contrastingly, in case of moderate and low flood
risk scales, the Coochbehar-I C.D. block is leading significantly by having 17 and 75
settlements while the Coochbehar-II has 13 and 36 settlements falling in these classes.
This subdivision although has registered only 12.54% of its villages/towns associated
with moderate to very high flooding intensities, the vulnerability profile is relatively
gloomy as 31.08% of its settlements have been found at moderate to very high levels
on the FVI scale. Settlements that are positioned along the Torsha river were observed
to be riskier ones than those situating along the Jaldhaka river in the southwestern
edge or alongside the Kaljani river flowing in the eastern fringe. This is entirely due
to the prominent influence of the hazard elements coupled with the concentration of
moderate to highly vulnerable areas (Kamrangaguri, Haripur, Bara Atharakota, Kala-
barighat, Dauaguri, Ghughumari, Lankabar, Bhojanpur etc in Coochbehar-I and Ghora-
mara, Kaminirghat, Madhupur, Karisal, Takagachh, Kalapani, Jatrapur, Shalmara Tritia
Khanda, Basdaha Natibari, Sajherpar Ghoramara, Sajherpar Kathalbari in Coochbehar-
II) in the vicinities of the Torsha that have shaped this kind of FRI distribution while
this is partly true in case of the areas alongside of the Jaldhaka river. Exceptions are
made by the isolated settlements situating along the western bank of the Kaljani and its
tributaries like Ghargharia where instead of negligible flood vulnerabilities, moderate
FHI scores have resulted in moderate to high flood risk levels that are associated with
locations such as Soultukri Barapak, Marichbari and Kaljani.

The Tufanganj subdivision (Fig. 9¢) although performed well in the FVI analysis by reg-
istering only 29.58% of its settlements under moderate to very high FVI scores but is unde-
niably surpassed by its higher hazard proneness as mentioned earlier. There are at least 21
(16.93) settlements (13 in Tufanganj-I and 8 in Tufanganj-II) that have been found at high
to very high flood risk levels, making it the least safe administrative subdivision in the
Coochbehar district. Besides, there are 28 (22.58%) and 41 (33.06%) villages/towns that
have got moderate and low flood risk scores demonstrating only 34 (27.42%) settlements
as relatively safe localities in the entire subdivision. Five out of the seven large rivers that
drain the entire district flow through this subdivision while some of them converge here.
Besides, all of the hazard elements are present in abundance to germinate flooding by these
rivers and their numerous tributaries. Majority of the area is consisting of younger active
and meandering floodplains that are subjected to frequent flooding. Observed 3 days’ rain-
fall suggests maximum rainfall intensity over this subdivision while higher drainage densi-
ties are quite of a concern here. Moreover, the drainage spacing is too low and it is usual to
face a river only at distance of 3 km. In spite of this, the rivers cannot drain out the flood
waters from the floodplains because of meager surface slopes. Avulsive movements during
high flows are also common particularly for the Raidak-II and Sankosh rivers. Anthropo-
genic activities like indiscriminate encroachment toward the rivers and even to the riverbed
for cultivation and illegal construction and waste disposal in the rivers (as happening to the
Raidak-I river in the Tufanganj municipality) are further worsening the flood impacts and
enhancing the flood risks. Location such as Balarampur, Deocharai, Chilakhana, Bhela-
kopa Pratham Khanda, Chhit Bhelakopa, Santoshpur, Krishnapur, Balabhut, Bhelapeta,
Dhopguri, Amlaguri Dwitia Khanda, Bilsi Dwitia Khanda, Dhalpal, Andaran Phulbari,
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Sikdarerkhata, Rajarkuthi, Dwiparpar (Tufanganj-I) and Mansai, Langalgram, Bhareya,
Salbari, Basraja Pratham Khanda, Dorko, Bhanukumari, Palika, Mahishkuchi, Phersabari,
Falimari, Rampur, Takoamari, Jaldhoa (Tufanganj-II), etc. thus need immense importance
from the flood management authorities for appropriate mitigation.

4.4 Validity of the flood risk model

Efficiency assessments suggest that the presented flood risk model has accurately predicted
277 (89.64%) of the flood prone locations. This was found more efficient in demonstrating
accuracy levels in case of Haldibari, Coochbehar-1 and Tufanganj-I (100%), Tufanganj-1I
(95.24%), Dinhata-I (93.33%), Mathabhanga-II (90%) and Coochbehar-11 (86.36%) while
the minimum accuracy was recorded for the points falling in Dinhata-II (79.17%) followed
by Sitalkuchi (80%) and Mathabhanga-I (81.82%) C.D. blocks. The overall efficiency of
the flood risk model is found to be good with relatively lower errors acquired by the RME
(RME =0.395) and RMSE (RMSE =0.223) methods signifying that the present model can
be utilized for identifying the flood prone locations within the Coochbehar district and fur-
ther for the early preparedness and mitigation.

Meanwhile, it was found that some of the areas predicted with low flood risks in this
work remain unreported in the official reports and rather have been overlooked but their
inundation incidents are confirmed by flood time field photographs (Fig. 10). A broad gen-
eralization yielded that about 1130.09 km? (irrespective of flood inundation extent, i.e.,
partial or whole) of the district is flood prone as per government report while our analysis
suggested 1055.54 km? (93.40%) excluding the unreported areas. Besides this, 1181.88 km?
of unreported area of the district is found under very high-low flood risk scales collec-
tively defining 2311.97 km? (68.23%) area as under flooding threat. This can be partially
validated by the reported damage of only standing croplands covering 1849.10 km? of the
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Fig. 10 Glimpses of flood events of 2016 and 2017 in the Coochbehar district. Source: field surveys
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district during the August, 2017 flood event (State Inter Agency Group 2017) excluding
areas and lands devoted to other cover/use types.

5 Conclusions

The flood risk analysis in this work has focused on the basic elements of hazard intensity
and flood vulnerability which ultimately have been found to shape the spatial flood risk dis-
tribution. Therefore, all three necessary inputs regarding flood management, i.e., flood risk,
vulnerability and flood hazard have been comprehensively assessed and mapped, providing
the decision making system some readily available tools to trace the disaster footprints. As
it has gone through proper validation therefore it is reliable and can be utilized in identify-
ing the key areas that need priorities during the framing of mitigation and coping policies.
Additionally, this work has considered a large magnitude flood event (August, 2017) and
the most important element of it, i.e., the hazard inducing rainfall concentration (at local
scales); therefore, it can not only guide to the identification of the most flood prone areas
in the Coochbehar district but also those areas that might get inundated after voluminous
rainfall and its resultant large flood events.

This work is based on a wide variety of efficient criteria reported from numerous
research works carried out in different parts of the world and hence can be attributed as
the first hand documentation for this data-lacking region presented before larger scientific
forums. The efficiency of the coupling of AHP and GIS is again found to be at good levels
and can be suggested as a reliable tool for flood risk assessments particularly for such data-
lacking regions. Undeniably, further researches are needed for this flood victimized region
to understand the nature, timings and causative processes of flooding as well as also on the
nature of the hydrological regimes of the large rivers flowing over this region. Priorities
should also be given upon understanding the floodplain uses and implications of flooding
upon the livelihoods of the local people. Flood defense system should emphasize more on
non-structural options rather than simply constructing flood protection embankments that
has spread a false sense of safety among the floodplain dwellers throughout the region.
Measures such as prohibiting agricultural-settlement encroachments toward rivers, appro-
priate floodplain usage, constructing easily reachable flood shelters, flood insurance and
most importantly public awareness raising should be considered at the very beginning. As
prevention of flood is perhaps impossible, policy designs therefore, should be guided more
and more toward preparedness and mitigation so that the implications can be adjusted at
acceptable limits and people can recover the flood losses at the earliest.
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