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Abstract: Basin geomorphology is a complete system of landforms and topographic features that
play a crucial role in the basin-scale flood risk evaluation. Nepal is a country characterized by
several rivers and under the influence of frequent floods. Therefore, identifying flood risk areas is
of paramount importance. The East Rapti River, a tributary of the Ganga River, is one of the flood-
affected basins, where two major cities are located, making it crucial to assess and mitigate flood risk
in this river basin. A morphometric calculation was made based on the Shuttle Radar Topographic
Mission (SRTM) 30-meter Digital Elevation Model (DEM) in the Geographic Information System
(GIS) environment. The watershed, covering 3037.29 km? of the area has 14 sub-basins (named as
basin A up to N), where twenty morphometric parameters were used to identify flash flood potential
sub-basins. The resulting flash flood potential maps were categorized into five classes ranging from
very low to very high-risk. The result shows that the drainage density, topographic relief, and rainfall
intensity have mainly contributed to flash floods in the study area. Hence, flood risk was analyzed
pixel-wise based on slope, drainage density, and precipitation. Existing landcover types extracted
from the potential risk area indicated that flash flood is more frequent along the major Tribhuvan
Rajpath highway. The landcover data shows that human activities are highly concentrated along
the west (Eastern part of Bharatpur) and the east (Hetauda) sections. The study concludes that the
high human concentrated sub-basin “B” has been categorized as a high flood risk sub-basin; hence, a
flood-resilient city planning should be prioritized in the basin.

Keywords: morphometric analysis; flash flood; Geographic Information System (GIS); remote
sensing; SRTM

1. Introduction

Flood is one of the major disasters that threaten human lives and causes property
losses worldwide. Natural disasters have caused severe property damages worth over
1.5 trillion USD in Asia during the last 50 years, where flood shares more than one-third
(517 billion USD) of total loss [1]. Several studies have shown that the havoc caused by
flood has intensified over the recent past [1-5]. Floods are mainly characterized into two
groups namely coastal, and inland flood [6], while inland flood can be further subdivided
into various categories, where flash flood is considered as the most complex category [7].
Flash floods are caused by short, sudden intense rainfalls [8], a rapid meltdown of snow,
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an outburst of glacial lakes, and lake blockage by a landslide. However, this study focuses
on the high-intensity rainfall-induced flash flood that may last for an hour after an intense
rainfall posing a dire threat to small-scale catchments [9], being more prominent in magni-
tude than any other types of events [4,10]. Flash floods have inflicted more than 34 million
people in the last 50 years, with a death toll of more than 22,743 people and 34 billion USD
worth of damage only in Asia [1]. Hence, identifying flash flood-prone areas has been
gaining higher attention than before [3,11,12] which is also the leading step towards flood
disaster management. Recently made-available datasets and technologies (satellite data
and GIS), including drones [13], provide suitable spatial and temporal accuracy [14] that
ultimately lead to a better flood risk reduction.

Flash floods are primarily associated with violent convection storms with a short
duration falling over a small area [15]. Heavy rain showers on the area with the steep
slopes is one of the most destructive disasters in Nepal that have eradicated many buildings,
roads, bridge, and farmland [16]. The existing climate change scenarios suggest that climate
extremes (floods) are expected to heighten in the Hindu Kush Himalaya Region [17] mainly
due to high-intensity precipitation events [18]. Already inflicted with flood, the area is
expected to increase flood frequency and intensity in the future [17]. Therefore basin-scale
and cross-boundary watershed management plans are required for flood risk reduction [19].

The onset of a flash flood, its extent and duration, as well as the induced death-toll
and property damage, have been analyzed by Terti, et al. [20] in the United States. Saharia,
Kirstetter, Vergara, Gourley, Hong, and Giroud [3] have proposed a new model to measure
flash flood severity based on geomorphological and climatological variables. Likewise,
different aspects of the flash flood hazard have been studied worldwide yet, basin mor-
phometry, which is one of the main controlling factors for flood hazard, has not been
adequately emphasized [21]. Various watershed conditions, including existing geomor-
phology, and meteorological conditions, are major determinants of flood re-occurrence [21].
Along with basin geomorphology, anthropogenic activities control the flood impact [22].
Unbridled development of urban space has increased the population exposure to flash
floods, making them a serious threat to society at present [23,24]. Monsoon flash floods
are mainly attributed to the ground’s inability to absorb the excessive water from intense
rainfall bursts.

There is a growing body of literature that recognize the importance of flood risk
analysis for human societies, where flood risk has been evaluated by utilizing hydrologic
and hydraulic modelling [25,26]; where detection of the hazard-prone areas is one of
the major steps towards risk reduction. Various methods have been used in flash flood
identification and assessment and evaluation [9,27-29]. Hydrological and geomorphic
approaches are two mainly used flood risk delineation approaches, while both approaches
have certain advantage and drawbacks [27]. Threshold-based flash flood delineation has
been used mainly in the ungauged basins with reference to the flash flood guidance [9].
Satellite data along with a multi-criteria decision-making technique, has been used for flood
delineation in Romania [12]. Even though an ample number of hydrologic and hydraulic
models have also been proposed [29], the traditional methods are usually time-consuming
with serious uncertainties [12]. However, the morphometric approach is more useful
for preliminary flood delineation, especially in the ungauged basins and in areas where
hydrological simulations are not a viable option [28,30]. In addition, the current geomorphic
condition of a basin plays an important role in evaluating flash floods and identifying
risk-prone areas [12,31,32]. Therefore, the geomorphometric condition of a basin is a
widely-used parameter to evaluate the hydrological response of a given watershed [21,33].
Hence, we have utilized geomorphic parameters such as the drainage network, basin
geometry, drainage texture, and topographic relief characteristics in this study.

Even though better rainfall-runoff simulations can facilitate flood forecasting ac-
curacy [34], Nepal does not have an ample number of hydrological stations for flood
forecasting, which is much fewer than the World Meteorological Organization (WMO)
recommends [15]. Moreover, the available meteorological datasets in Nepal are not suf-



ISPRS Int. ]. Geo-Inf. 2021, 10, 247

30f19

ficiently trust-worthy [35]. The inadequate spatial coverage of hydrological databases
challenges accurately floods forecasting and flood risk management in Nepal [34]. Hence,
accurate flood potential maps are essential to reduce disaster impact, especially for city
planners. A study was carried out by Smakhtin and Shilpakar [36] in the East Rapti River
Basin with a hydrologic desktop environmental flow assessment method which was not
suitable for immediate application. Given that watershed geomorphology is essentially
important when the basin undergoes heavy rainfalls, we considered several morphometric
parameters in this study to identify flash flood potential areas [21,33,37]. A standard set of
morphometric parameters necessary for flash flood susceptibility mapping has not been
defined clearly, whereas a combination of various morphometric parameters has been used
for flash flood mapping [33,37-39].

During the last few decades, the empirical studies on flash flood forecasting [40,41],
and flood risk management [34,42] in Nepal have been accumulated, but surprisingly, there
is limited attention to morphometric analysis identify flood potential at the basin level.
Against this backdrop, this paper highlights geomorphological approaches based on the
satellite remote sensing data to identify flash flood potential areas in the East Rapti River
basin. In particular, this study aims to (1) examine the relationship between morphometric
parameters with a flash flood in East Rapti River basin; and (2) develop a complete flood
susceptibility map for the study area.

2. Study Area

Nepal is located in the central Himalaya region and shares border with India from
three sides and China to the north (Figure 1). A steep topographic gradient with intense
rainfalls causes flash floods in Nepal [43]. The country has three major river basins namely:
Koshi, Gandaki, and Karnali. There are still myriad small watersheds in Nepal’s southern
plain (Figure 1). The East Rapti River, a tributary of the Gandaki river basin, originates
in the Mahabharat mountain range and joins the Narayani River (Figure 1). Based on the
30-m Shuttle Radar Topographic Mission (SRTM) Digital Elevation Model (DEM) data,
the basin elevation extends from 140 m at its conjunction to 2586 in the north, with a total
area of 3037.29 square kilometers. Based on International Centre for Integrated Mountain
Development (ICIMOD) landcover data [44], the forest covers more than 65.91 percent
of the total basin, followed by croplands (28.53 percent). The basin is one of the highly
populated basins in Nepal with a growing population and urbanization in its two major
growing cities of east Bharatpur and Hetauda. The basin includes thirty-two Village
Development Committees (VDCs) from Chitwan district and twenty-three out of 43 VDCs
from Makwanpur districts. Agriculture is the dominant occupation in the local population,
followed by technical services [45]. The basin also has scattered settlements both in
Makwanpur and Chitwan districts [46].

Being one of the flood-affected countries, Nepal is prone to massive causalities and
property damages of floods. To map the flood disaster, we used Disability Adjusted Life
Years (DALYs) developed by World Health Organization (WHO) [47], which was later used
in disaster loss measurement [48]. The DALY converts all types of damages into human
life years, which makes it easy to compare disaster damage over space (Figure 1). Floods
initiate in the basin almost every year during the monsoon season [19]. In retrospect, the
year 2017 was marked with severe floods. Approximately 12 flood events were recorded
in the study area, where 563 families were affected, and six people were lost. A severe
flood occurred from 12 to 14 August 2017. Six flood events were recorded in the basin from
10 to 12 July 2019 alone, where two people were lost, and ten households were affected
by the event [49]. Recent studies suggest a rise in urban flooding events [6,50]. Therefore,
flood potential area identification is essential for flood risk reduction and flood resilient
city development [51].



ISPRS Int. ]. Geo-Inf. 2021, 10, 247

40f19

A)
Nepal
A
. »
« o —" b
r -
L L
L ] ~ < “
g U « o - o ‘
S e Sre s O A ‘ N
o A
River basins~ =, % 04 ‘,‘ > .
Babai River & 22 froie Pl 3 :
Bagmati River W e e "‘{ el f
Gandaki River | 3 ‘, 305 (, - O Tt
Kamala River e r.‘;'
= o DALYs 2017 - 2020 i g = . r
Kankai River ¢
Karnali River = East Rapti (study arca) < .
Ji Ffecte -
Koshi River Notaftceted ) L . ey
Mahakali River P 10 10 years Kllometers 7 4 ’5. . o5
Other B 10 to 100 years ? 50 190 s ,fﬁ ﬁ?‘&,\
West Rapti B More than 100 years L
B)
01 I
<
& Ehay atpur F G 33 :g
+ -
=
< & R
(e i
- 3o ! E
o a M
Reyal ¢ M\
atiord Park 4
> H 5
Royal Chitawan K, : o
tional Park 0
~
P, o~
i C .
Hetaugda
Legend = : L
9 DMl VEPAL ! z
i) oF TN Sources: Esri, HERE,‘Garmin, Intermap, increment P Corp.; GEBCOTUSGS, | &
[} ast Rapt Kilometers FAO. NPS, NRGAN:GeoBase, IGN, Kadaster.NL, Ordnance Survey, Bsri _§
o 0 5 10 20 Japan, METI, Esri China (Hong Kong), (c) OpenStreetMap contributors, and - | §
Mili watershed bttt the GIS User Community N
T T T T T T T
B4°10'0"E 84°20'0"E 84°30'0"E 84°40'0"E 84°50'0"E 85°0'0"E 85°10'0"E

Figure 1. (A) Map of showing major river basins and Disability-Adjusted Life Years due to flood loss
(2017 to 2020) in Nepal, and (B) The study area: East Rapti River Basin.

Monsoon is responsible for 88 percent of total annual precipitation concentrated from
June to September [16]. The East Rapti River basin receives about 150 mm in pre-monsoon,
2000 mm in monsoon, 80 mm in post-monsoon, and 20 mm during the winter season [16].
High precipitation and steep topographic gradient (especially steep, narrow river beds) are
two main characteristics of the basin (Figure 1).

3. Materials and Methods
3.1. Morphometric Parameters

This study has used 20 morphometric parameters, categorized into four classes:
Drainage Network, Basin Geometry, Drainage Texture Analysis, and Relief Characteristics
(Figure 2). Each parameter was calculated using the corresponding equations presented
in Table 1. All the calculations related to morphometric parameters were done in the GIS
environment. Among these parameters, the basin area is directly related to discharge as
the bigger the drainage basin, the higher the amount of precipitation it receives, hence
generates higher runoff [37]. Various topographic parameters, including elevation, basin
slope, and roughness number, directly affect the flash floods [11]. A basin with a steep slope
has a relatively higher number of flash floods than a basin with a gentle slope [52]. The
roughness number is the product of drainage density and relief, where values <1 indicate a
smooth topography, a value ranging between 1 and 2 represents sharp topography, while
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a value above 2 indicates that the area is poorly cemented [53]. Therefore, high surface
roughness reduces runoff velocity by providing a greater time for surface infiltration and
water recharge [33].
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Figure 2. Flowchart of the applied methodology.

The elongation ratio is the proportion between the basin’s diameter and maximum
length with an inverse relationship with flash floods [54]. In other words, basins with a
smaller elongation ratio discharge more runoff and vice versa. The elongation ratio varies
between 0 and 1, where the maximum value (close to 1) indicates low basin relief [54].
The circulatory ratio is the ratio between circumference and perimeters of a basin, with a
positive correlation with runoff [55]. The ratio between watershed diameter and length
was calculated as the elongation ratio (L.) [54]. The form factor indicates the drainage
basin’s shape with lower values indicting an elongated basin shape [33]. The circulatory
ratio is the ratio between basin’s area to its perimeter [55]. The drainage texture is derived
from the number of streams divided by its perimeter [54]. Likewise, the stream frequency
is calculated as the total stream segments from all orders per unit area [56] (Table 1).

Additionally, river system properties also affect runoff generation, which is positively
correlated with stream numbers [11,57] and total stream length [57]. The stream frequency
is the number of streams per unit area, while drainage density is the ratio of total stream
length to basin’s area [56]. The stream frequency and drainage density both positively
correlated with total runoff [37]. A watershed with a lower drainage density has a better
infiltration, while high stream frequency implies lower infiltration capacity [11]. The con-
tribution of drainage density and stream frequency to the overall flow is lower compared
with morphometric characteristics between small and large basin [56]. The bifurcation
ratio is defined as the average number of branching of streams of a given order to that of
streams of the next order [56]. The mean bifurcation ratio is important to characterize the
overall stream system over various basins [57]. This parameter has an inverse relationship
with runoff generation [11].

Mapping Flash Flood Risk Areas

The East Rapti River basin has 14 sub-basins (Figure 1B). Flood risk in the basin was
analyzed at two different spatial scales: sub-basins, and sub-watershed. For sub watershed
risk evaluation, 20 morphometric parameters were calculated in the GIS environment. Two
different methods (index model, and hazard degree calculation) were applied to derive
potential flood risk areas (Figure 2). Under the index model, we assigned values (1 to 5) for
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each morphometric parameter based on their relation to flash floods. The Jenks Natural
Breaks Classification (JNBC) method [58] was used where value 1 was assigned to the
low-risk and 5 to the high-risk areas. The JNBC method seeks to minimize an average
deviation from the mean class while maximizing the deviation from other group’s mean.
After assigning the values, we rasterised the corresponding thematic layers, and finally
used the overlay function in the GIS environment to get the final potential flood risk
sub-basins of the East Rapti River. In addition to index modelling, flash flood risk was
estimated by hazard degree calculation linear interpolation techniques [59], where if the
value of the morphometric parameter is positively correlated with flash flood occurrence,
we used Equation (1); otherwise, we used Equation (2). Finally, we compared derived flood
risk sub-basin with past flood records of the basin to validate the result.

Twelve thematic flood risk maps were prepared based on the ranks obtained from
the morphometric analysis, which were later used to derive the flash flood risk area
over 14 watersheds. The final map was categorized into five risk classes: very low, low,
intermediate, high, and very high. In addition to basin-wide risk analysis, we have used
slops, drainage density, and rainfall to analyze flood risk per square kilometer area. In this
way, we identified flood risk in two spatial scales, which will be discussed in the result and

discussion section.
4(X — Xpin)

Hazard degree = +1 1
max — Xmin
4(X - X
Hazard degree = AX = Xnax) +1 2
Xmin — Xinax

where X represents the value of morphometric parameters to estimate for flood risk for
each basin.

Table 1. Morphometric parameters used in the study.

No Parameters Equations Reference
A. Drainage Network
1 Stream Order (u) Strahler stream order [53]
2 Stream number (N) N + Nljj—_ NG [56]
3 Stream length (Ly) L+ Ll“_”__ LL [57]
4 Bifurcation ratio (R) Ry, = NI:I:I [57]
B. Basin geometry
5 Basin length in km (Lp) higest le;;th:of the basin [60]
6 Basin width in km (W},) . Wp = . [60]
higest width of the basin
7 Area in km (A) A [54]
8 Perimeter in km (P) P [54]
9 Form factor (R;) R = A (Ly,)? [56]
10 Elongation ratio (Le) Le=2 <%> /Ly, [54]
11 Texture ratio (T) T=N;/P [54]
12 Circulatory ratio (Rc) T = 47tA/P? [55]
C. Drainage texture analysis
13 Stream frequency (Fs) Fs =Y Nu/A [56]
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Table 1. Cont.

No Parameters Equations Reference
14 Drainage density in km/ km? (Dyg) Dg=Y Lu/A [56]
15 Constant channel maintenance (C) C=1/Dy [54]
16 Infiltration number () I = Dgq x Fs [61]
17 Length of overland flow in km (Lg) Ly =1/(2Dg) [56]
D. Relief characteristics
18 Basin height in km (By,) By, =2Zx —Zn [53]
19 Basin relief/slope in km (Ry,) Ry, =By /Ly [54]
20 Ruggedness number (Ry) Rpn = By x Dyg [53]

3.2. Data Used

This study was mainly based on satellite remote sensing data. Since the study focused
on geomorphological parameters to identify flood potential areas, the Shuttle Radar Topo-
graphic Mission (SRTM) Digital Elevation Model (DEM) data with a spatial resolution of
30 meters was used in this study. The SRTM DEM data has been widely used in various
research fields, including geology, geomorphology, hydrology, glaciology, the study of
various natural hazards, and vegetation surveys [62]. The SRTM DEM has a high spatial
resolution which is crucial for flood disaster studies and various hydrologic modelling [63].
Two tiles of the SRTM DEM (n27e84, and n27e85) were downloaded from the Earth Explorer
(https:/ /earthexplorer.usgs.gov, accessed on 29 November 2019). To delineate watersheds,
DEM sinks were removed as the preprocessing steps. Considering the East Rapti River
conjunction with the Narayeni River, the river basin and stream networks were delineated
using surface flow direction (the D8 flow direction algorithm) [64] in the QGIS environment.
Next, streams’ Strahler orders were extracted, and only those with orders of greater than
7 were kept. The East Rapti River Basin was further subdivided into 14 watersheds by
assigning 90 square kilometers as the minimum area.

Existing land uses and landcovers are very important while undertaking flood risk
reduction. The ICIMOD land cover data was used to extract landcover types of the basin
with particular attention to the flash flood potential areas. The ICIMOD land cover data
(2010) provides consistent and harmonized national land cover maps for Nepal. The
ICIMOD landcover data included 30-meter Landsat TM satellite images of 2009, 2010, and
2011 that were used to classify the land cover [44].

TRMM precipitation data: Tropical Rainfall Measuring Mission (TRMM) precipita-
tion data version 7 (3B42 daily) (DOI:10.5067 / TRMM/TMPA /DAY /7) has been used in
this study. The data provides information on the spatiotemporal variation in rainfall
over the basin. The daily accumulated precipitation product is generated from 3-hourly
TRMM Multi-Satellite Precipitation analysis TMPA (3B42). The simple summation of valid
3-hourly TRMM precipitation data was used to retrieve daily precipitation, and the result is
presented in mm per day. The TRMM daily precipitation (3B42) product is frequently used
in many climates and environmental studies [65,66]. However, the coarse spatial resolution
of the precipitation data hinders its application for small river basins [66]. Considering
the data limitations (coarse spatial resolution), we took the pixel midpoint value as one
station data and interpolated them over the basin. In this process, we extracted data for
15 points covering the basin and applied the Inverse Distance Weighting (IDW) interpola-
tion technique. The IDW interpolation technique is an appropriate method to interpolate
precipitation data [67]. The precipitation data were used to visualize flood risk areas in
the study basin. For disaster damage data, Nepal disaster reduction risk (DRR) portal is a
reliable government source for disaster-related damage in Nepal. Data on a large variety
of disasters is available on this portal (http://drrportal.gov.np, accessed on 15 December
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2020) which can be download in excel file format. Downloaded flood damage data were
spatially presented in the map to see its spatial variations (Figure 1A).

The morphometric analysis has widely and successfully been used to identify potential
flash floods over various river basins [11,37,68]. Basin geomorphology is a complete system
where the hydrologic and morphometric factors are interrelated [21]. Hence, the correlation
coefficients among calculated morphometric parameters were calculated and presented
as a correlation matrix, discussed in the result section. Moreover, two different methods
(index model and linear hazard degree equation) were used to detect flash flood prone
areas, so we can compare their results. Finally, the derived potential flood risk areas were
compared with the previous flood disaster loss record of DRR portal of Nepal.

4. Results and Discussions
4.1. Morphometric Analysis

Digital elevation model (DEM) shows the elevation varies from 140 meters at the river
confluence (Narayeni River) to 2586 meters at its north. The extracted streams mostly show
a semi-dendritic drainage pattern, where streams resemble tree branches, are the most
common drainage network type that develops where the river channel follows the slope
of the terrain [69]. Though the overall stream shows a semi-dendritic drainage pattern,
the southern part of the basin shows an irregular drainage pattern (Figure 3b) due to the
presence of Siwalik hills composed of unconsolidated materials. The four major branches of
the East Rapti show a parallel pattern, and the small branches link the mainstream as the
trellis. As the elevation reaches its maximum at its north-eastern section, most streams follow a
southerly direction toward the Narayeni River. North-east highlands are the upstream of the
basin, collecting runoff and posing a threat for downstream areas (Figure 3a).

140 meter Data Source: SRTM DEM

386 meter
East Rapti Watersheds
40

(@) (b)

Figure 3. East Rapti basin (a) 30-meter Digital Elevation Model (DEM), and (b) Strahler stream order segments.

The bifurcation ratio (Rp) value of the 14 sub-basins ranged from 4.020 to 5.460 with
an average value of 4.717 (Figure 4D). This means that the basin drainage system is less
structurally controlled with less geologic distortion [57]. The high bifurcation ratio (for
example sub-basin N) shows less surface flow which results in high infiltration and lower
flood risk [70]. On the other hand, a high bifurcation ratio is directly associated with the
elongation ratio that also tends to reduce flood risk [21]. On the contrary, a low bifurcation
ratio with high relief increases the flood risk [33] (for example, sub-basin N).

Schumm [54] has classified elongation value into circular (0.9-1.0), oval (0.8-0.9),
less elongated (0.7 to 0.8), elongated (0.5-0.7), and more elongated (less than 0.5) classes.
The calculated Le value shows the study basin constitutes an elongated to oval shape
sub-basins: where the sub-basin “J” (0.55) is an elongated basin, while basin “N” (0.90) is
categorized as an oval shape. The form factor (Ry) is the ratio of basin area over squared
basin length [56]. The calculated form factor for the study basin ranges from 0.24 to 0.64,
shows the oval to elongated basin shape (Figure 4G) with an average sub-basin value of
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0.386. The circulatory ratio in the studied sub-basin ranges from 0.16 to 0.53 (Figure 4]) with
an average of 0.32, showing an elongated watershed shape. The calculated drainage texture
(T) of the studied sub-basins basin ranges from 1.13 to 2.64 with an average value of 1.69,
referring to a moderate drainage texture. Stream frequency is mainly under the influence of
lithology, structures, infiltration, vegetation cover, and relief. Calculated stream frequency
ranges from (.83 in sub-basin H to 1.15 in sub-basin B. Less drainage density value shows
high relief [56].
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Figure 4. The thematic raster layers (Roughness number (A), Relief ratio (B), Basin Height (C), Bifurcation Ratio (D), Length
of overland flow (E), Drainage density (F), Form Factor (G), Infiltration number (H), Stream frequency (I), Circulatory ratio
(J), Texture ratio (K), Elongation ratio (L)).

Drainage density (Dg) is an indicator for stream eroded topography [56], which is
a very important runoff controlling factor where high value accelerates runoff [33]. The
drainage density in the studied sub-watersheds ranges from 1.11 in sub-basin “H” to 1.65
in sub-basin “B” (Table 2). The infiltration number (If) was calculated by multiplying
drainage density and stream frequency, where higher the infiltration number shows higher
runoff and vice versa [61]. The calculated infiltration numbers in the study sub-basin range
from 0.913 in sub-basin “H” to 1.88 in the sub-basin “B” (Figure 4F).

The maximum and minimum height of a sub-basin was used to calculate basin height
(Bp). Basin height in the studied sub-basin ranges from 0.56 in the sub-basin “D” to 2.08
in the sub-basin “K” (Figure 4C). Likewise, the relief ratio (Ry,) was derived by dividing
basin relief by the total length of the basin (Table 1). The relief ratio represents the degree
of general steepness, which also indicates the rate of soil erosion in the basin [54]. The
calculated Ry, value ranges from 0.02 in the sub-basin “C” to 0.16 in the sub-basin “N”,
with an average value of 0.068. In addition to that, Ruggedness number (Ry,) is an indicator
of slope roughness of the basin [53], where the value ranges from 0.88 in the sub-basin “D”
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to 2.53 in the sub-basin “K” with the mean value of 1.76 in the overall study area (Table 2).
The length of overland flow in the study basin ranges from 0.30 in the sub-basin “B” to
0.45 in the sub-basin “N”. Less value for overland flow length (L) indicates fast runoff
and high-water accumulation [33,56].

Table 2. Tabulated parameters value of the study area.

N M L K J I H G F E D C B A

U 5 5 5 5 5 5 5 6 6 5 7 6 7 5
Nu 130 157 220 203 228 250 215 250 269 338 427 490 768 745
Ly 108.33 129.06 191.34 160.74 201.19 25271 190.88 194.8 255.04 291.8 4789 47831 689.42 687.68
Ly 12.38 1618 2041 2054 2348 2195 2288 2009 2218 20.18 2862 3589 29.17 40.36
Wy 1351 11.49 8.99 8.47 1061 11.33  10.27 14.2 10.34 2258 1841 1228 19.64 14.74
A 97.86 11574 12496 13197 13392 159.58 17227 17376 181.73 24758 303.74 34151 41694 462.95
C 0903 0.897 0.653 0821 0.666 0631 0903 0.892 0713 0.848 0.634 0.714 0.605 0.673

P 5465 5239 78.61 7232 101.84 80.02 76.03 7826 86.54 103 105.27 120.36 1449 144.72
Ry 4.02 5.42 4.38 4.52 4.52 4.54 4.34 4.57 4.48 4.84 4.16 5.35 5.46 5.44
R¢ 0.639  0.442 0.3 0313 0243 0331 0329 0431 0369 0.608 0371 0.265 0.49 0.284
Le 0.902 0.75 0.618 0.631 0556 0.649 0.647 0.74 0.686 0.88 0.687  0.581 0.79 0.602

T 1189 1.508  1.399 1.41 1129 1562 1407 1.597 1.56 1.65 2014 2036 2643 2577
Rc 0.412 0.53 0254 0317 0.162 0313 0374 0357 0305 0293 0344 0.296 0.25 0.278
Fs 0.889 0855 1.152 0977 1.105 0.99 0824 0.898 0968 0.852  0.886 0.89 1.137  1.045
Dy 1107 1.115 1531 1218 1502 1584 1108 1.121 1403 1179 1577 1401 1.654 1.485
I¢ 0984 0954 1765 1.191 1.66 1568 0913 1.007 1359 1.004 1396 1.247 1.88 1.553
Lg 0452 0448 0327 0411 0333 0316 0451 0446 035 0424 0317 0357 0302 0.337
By 1.96 2 0.75 2.08 1.1 1.15 2.03 1.84 1.75 1.81 0.56 0.88 0.59 0.74
Ry 0.158 0124 0.037 0101 0.047 0052 0.089 0.092 0.079 0.09 0.02 0.025 0.02 0.018
Rn 217 2.23 1.148 2533 1.653 1.821 2249 2063 2456 2133 0883 1233 0976 1.099

Parameters are abbreviated as follows: (R},) mean bifurcation ratio, (L.) Elongation ratio, (R¢) form factor, (R.) circularity ratio, (T) texture
ratio, (Fs) stream frequency, (Dq) drainage density, (Lg) length of overland flow, (I¢) infiltration number, (By,) basin relief, (Ry,) relief ratio,
(Rp) ruggedness number are used.

u 1.00
Nu 053
L, 037
Ly 036
Wu 047
A 052
P 042
C 048
Ry = 0.3
Ry | 0.07
L. oae
T 0.58
R. —0.11
Fs = 006
Da 044
Iy 0.29
Ly -042
Bu, -048
Ry -047
R, -030
u

1.0
0.99
.85
0.54
98
—0.57
0.95
(.65
=11
—0.10
0.97
—0.39
0.36
0.57
.52
—0.57
—0.69
=0.72
=0.71
Nu

The correlation matrix (Figure 5) shows the relationship between the morphometric
variables. Blue cells in the matrix show a positive correlation, while the grey cells show
a negative correlation. The I, Dy, Fs, T, Ry, and C, have a positive relationship with all
other variables except P, Ry, Le, and Rc. On the other hand, Lg, By, Ry, and Ry, have an
inverse relationship with all morphometric parameters except P, Ry, Le, R, Lg, By, Ry, and
R, (Figure 5).

Lirection and strength of correlation

—1 Perfectly Negative

100 —0.8 | Stongly Nepative
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098 8% 058 100 0 No association
—0.62 -0.58 —0.09 049 1.00 02 Weakly Posilive
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059 (55 026 063 07 056 100 08 Strongly Positive
014 -033 061 010 047 —0.23 009 1.0 1 Perlectly Positive
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053 44 001 039 093 050 018 042 042 D41 073 092 (94 100
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Lo Lw W A P C R Rr Lo T Re F. Da Ik Ly Bn Ry Ry

Figure 5. Correlation matrix of calculated morphometric parameters in the study area.
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4.2. Mapping Flash Flood Potential Areas

Based on the calculated geomorphic parameters, two different methods: raster overlay
through the index model and linear equation [56], have been used to identify areas at
risk of flood. All morphometric parameters that have been used in this study (Table 1)
have a positive relationship with flood hazard, except bifurcation ratio (Ry,) and the length
of overland flow (Lg), as they have an inverse relationship with runoff (Table 3). Based
on morphometric parameters relationship with runoff, two linear equations have been
used: Equations (1) and (2) were used for those parameters with a positive and negative
relationship with runoff, respectively. The obtained flood risk index is categorized into five
groups from very low to very high (Figure 6; Table 3).

Calculated morphometric values were grouped into five different weights (1 to 5) [33]
in terms of flood risk. The flood risk in the sub-basins is categorized as very low (c), low
(H), intermediate (A, D, ], and M), high (D, E, K, and L), very high (B, I, F, and N). However,
linear equation-based flood risk analysis categorized the basin risk differently: very low
(C), low (A and H), intermediate (D, I, G, and M), high (I, E, L, and K), and very high (B, F,
and N) (Figure 6). The raster overlay function was applied after assigning risk values to
the particular sub-basins (Figure 4), and the overall flood potential risk map was generated
(Figure 6).

Table 3. Assigned weights (index) to morphometric parameters in terms of flash flood potential.

Factor Class Weight Factor Class Weight
0.880-0.980 1 0.240-0.280 1
(A) Roughness 0.981-1.230 2 (G) Form factor 0.281-0.330 2
number (Ry) 1.231-1.820 3 R0 0.331-0.370 3
1.821-2.250 4 0.371-0.490 4
2.250-2.530 5 0.491-0.640 5
0.020 1 0.913-0.953 1
(B) Relief ratio 0.021-0.040 2 (H) Infiltration 0.954-1.006 2
®n) 0.041-0.050 3 number (I 1.007-1.396 3
0.051-0.120 4 1.397-1.660 4
0.121-0.160 5 1.661-1.879 5
0.560-0.590 1 0.824-0.855 1
(C) Basin height 0.591-0.880 2 (I) Stream 0.856-0.890 2
®n) 0.881-1.150 3 frequency (F) 0.891-0.897 3
1.151-1.840 4 0.898-1.045 4
1.841-2.080 5 1.046-1.152 5
4.020-4.160 5 0.160 1
(D) Bifurcation 4.161-4.380 4 (J) Circulatory 0.161-0.280 2
ratio (Ry) 4.381-4.570 3 ratio (Re) 0.281-0.340 3
4.571-4.840 2 0.341-0.410 4
4.841-5.460 1 0.411-0.530 5
0.300 5 1.130-1.190 1
{E) Lengtt of 0.301-0.340 4 (K) Texture ratio 1191-1410 2
(Lg) 0.341-0.360 3 @ 1.411-1.650 3
0.361-0.420 2 1.651-2.040 4
0.421-0.450 1 2.041-2.640 5
1.110-1.120 1 0.556-0.581 1
(F) Drainage 1.121-1.220 2 (L) Elongation 0.582-0.631 2
Density (Da) 1.221-1.400 3 ratio (Le) 0.632-0.687 3
1.401-1.530 4 0.688-0.790 4
1.531-1.650 5 0.791-0.902 5
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Figure 6. Flash flood potential areas (a) raster overlay (b) linear equation.

4.3. Linear Equation-Based Risk Mapping

In addition to the index model, flood risk potential was estimated by applying a linear
interpolation technique, which was first proposed by [59]. Equations (1) and (2) were used
to calculate flood risk from the extracted geomorphic parameters, and the obtained values
are presented in Table 4.
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Table 4. Result derived from linear equation-based risk mapping.

R, R¢ Le T R, Fs Dy I; Ly By Rp, R, Sum Degree
5000 4995 5000 1159 3714 1789 1.000 1293 1.000 4.684 5009 4119 38763 5

1111 3011 3248 2001 5000 1379 1059 1168 1.088 4789 4017 4266 32.137
4000 1576 1716 1714 1999 5000 4105 4523 4353 1500 1536 1.643 33.664
3611 1705 1.868 1.743 2684 2868 1812 2147 2103 5000 3.379 5001 33.922
3611 0999 1.000 1.000 1.000 4424 3.893 4091 4185 2421 1824 2866 31314
3556  1.891 2080 2144 2642 3.022 4488 3709 4642 2553 1983 3274 35983
4111 1869 2055 1735 3309 1.000 1.008 1.000 1.011 4.868 3.021 4312  29.300
3472 2894 3133 2237 3114 189 1103 138 1152 4368 3.103 3.860 31.717
3722 2277 2501 2138 2552 2758 3169 2.845 3556 4132 2740 4813 37.204
2722 4686 4747 2377 2425 1341 1524 1377 1735 4289 3.048 4.031 34305
4611 2291 2516 3337 2982 1748 4438 2999 4605 1000 1.045 1.000 32572
1306 1224 1288 3395 2458 1803 3.149 2380 3537 1.842 1.186 1.847 25414
1.000 3495 5000 1159 3714 4811 5000 5000 5000 1.079 1.064 1224 38328
1.056 1416 3248 2001 5000 3.697 3770 3.647 4083 1474 1.010 1524 30.285

>lwNgimHO | ~—| Rz
WlolR,r| W[ |lalbs| N w

The result shows that the sub-basins B, F, and N fall into the very high loss class while
sub-basins I, F, L, and K fall into the high flood risk (Figure 6) basins that correspond with
the past flood record (Figure 7). On the other hand, the sub-basin C was categorized as a
very low flood risk zone in both types of risk calculation, where no flood recorded since
2018 (Figure 7). As for the sub-basins I and A, they were categorized differently with the
two methods. Basin “I” was categorized as a very high-risk sub-basin by index modeling
but as a high-risk sub-basin by linear equation-based risk mapping. Likewise, the sub-basin
A was categorized as an intermediate risk area by the linear equation while as a low flood
risk area by the linear interpolation (Figure 6). The different risk categories for sub-basin
“1” and “A” can be attributed to different model structures [33]. Overall, the flash flood
potential map (Figure 6) corresponds to the past flood record map (Figure 7).

T
27°40'0"N

T
27°300"N

l:' Sub-basins

Recorded flood since 2018 Kilometers

~  Not affected 0 5 10 o 20 i
] + - =
Affected Source; www drrportal gov.np g
T T T T T T T
84°10'0"E 84°200"E 34°300'E 84°40'0"E 84°50'0"E 85°0'0"E 85°100"E

Figure 7. Recorded recent flood event in the study area (flood event source: www.drrportal.gov.np accessed on 25
November 2020).
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4.4. Pixel Wise Flash Flood Risk Identification

Although the previous findings (Figure 6) shed light on flood risk in the sub-basin,
they did not provide any spatial details for planners. A very high-risk sub-basin “N” might
not be entirely exposed to floods. Therefore, detailed risk identification was necessary to
examine flash flood potential risk per square kilometer pixel using drainage density, slope,
and rainfall data.

TRMM precipitation data was used to see the relationship between three parameters:
slope, DD, and precipitation. Southern sub-basins with gentle slopes received underwent
heavy rainfall on 17 July 2019 (Figure 8a). On the contrary, the northern sub-basins with
a rugged topography received comparatively less precipitation. This is just an example,
while many parts of the country receive intense precipitation during the monsoon season.
The calculated drainage density and slope values are illustrated in Figure 8b,c. Compiling
precipitation, drainage density, and the slope map, we derived the flash flood risk pocket
area (Figure 8d).

Figure 8. Consists of (a) Tropical Rainfall Measuring Mission (TRMM) precipitation distribution, (b) drainage density
(Km/km?), (c) Slope, and (d) Overall flash flood potential area.

Rainfall, drainage density, and slope are mainly related to flood risk. On the other
hand, high rainfall in the area of high drainage density and the steep slope has less chance
of infiltration, which leads to larger amounts of runoff and hence flood risk. Unlike
inundation and riverbank flooding, flash flood potential is higher upstream along with
the Tribhuvan Rajpath, with steep topography and excessive rainfall. Receiving heavy
precipitation in the southern part with a gentle slope, however, does not lead to serious
flash flood incidents.

Land Cover Type under Flood Risk Areas

Proper land-use planning is essential for flood risk reduction [50]. The ICIMOD
land use data has been used to extract land cover classes of the flood risk area. Forest,
cropland, barren land, grassland, built-up area, waterbody, and shrubland classes are
present in the East Rapti River basin. Having Chitwan National park in the basin, the
majority of the basin is then covered by forest (65%), followed by cropland (28%). Having
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scattered settlements, particularly in the form of separate rural houses, make the landcover
of negligible importance (Figure 9). However, approximately 26 square kilometers area
in the basin is grouped as buildup areas. The built-up areas located in the flood-prone
sub-basins are categorized as very high (sub-basin B) and high (sub-basin K, and L) classes.
Croplands are the second-highest land cover type in the study basin, which are mostly
concentrated in high-risk areas. Considering the present landcovers in the flood prone
areas as well as, the fragile location of the major cities, the government needs to give
more attention to city planning in the East Rapti River basin. Because the main cause that
triggers urban flood (besides rainfall intensity) are the unplanned urban sprawl along the
stream banks, the human interference in the main streams altering the hydraulic stream
characteristics and the failures of technical works (bridge, or culverts), in combination with
the possible deforestation [24,71,72].
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Figure 9. Existing land cover types in the study area. Adapted with permission from Kabir Uddin [44] Copyright 2014

Elsevier Ltd.

We overlayed the flash flood potential compact area and the ICIMOD landcover map
to identify various landcover types exposed to flood risk (see Table 5). Among all land
cover types, Built-up areas, croplands, and grasslands are the major sources of concern
for local livelihood. Hence, we have displayed these landcover types in the following
Figure 10. Sum 2.53 percent out of the total area is at high flood risk where croplands is at
high risk of flood. Given that the isolated residential areas were not captured in the LULC
map, we assumed that there are buildings inside the cropland areas [19]. Ten percent of
the total land is at moderate flood risk, with 5 percent of which as croplands. Likewise,
thirty percent of the total area, where the 5 percent buildup area exists, is seldom affected
by flood (Table 5). Based on this calculation, about 57 percent of the study area is not at
risk of flash floods (Table 5).
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Table 5. Flash flood potential and existing land cover area.
. o . o o Not o Grand o
Land Use Type High %o Medium %o Less %o Affected %o Total %o
Built up area 0.000 0.00 0.023 0.09 1.453 5.48 25.047 94.43 26.523 0.87
Agriculture land 11.298 1.29 51.400 5.88 147.066 16.83 665.133 76.10 873.976 28.53
Grassland 1.018 1.71 4.399 7.37 11.799 19.76 42.478 71.16 59.695 1.95
Barren land 0.225 0.33 1.750 2.60 12.051 17.91 53.256 79.15 67.282 2.20
Shrubland 0.075 1.53 0.100 2.04 1.234 25.05 3.517 71.39 4.927 0.16
Forest 64.154 3.18 247586  12.26  758.176 37.54 949.548 47.02 2019.465 65.91
Water body 0.114 0.96 0.549 4.59 1.830 15.31 9.456 79.14 11.949 0.39
Total 76885 253 305785  10.07  932.155 30.69 1723.389 56.74 3037.292 100.00

[ Watersheds

10 0 10 20 Kilometer
I Tntermediate ! : ‘ ‘ @

Risk areas

I High

Figure 10. Potential flash flood risk areas.

The flash flood risk potential areas are spatially presented in the following Figure 10.
True colour composite of Sentinel 2 was used to visualize the flood risk areas in Figure 10.
We can see northern part of the basin is at high risk of flash flood.

Limitation: This study particularly focuses on the flash flood potential area identifica-
tion. An important flood type, namely, the inundation flood type, was not included in this
paper, which demands further investigations.

5. Conclusions

This study has used morphometric parameters to identify flash flood potential areas in
the East Rapti River Basin of Nepal. We used satellite remote sensing data in morphometric
analysis for overall flash flood risk evaluation. The geomorphic parameters were used
in this study have grouped broadly into four categories: drainage characteristics, basin
relief, texture, and geometry. Moreover, rainfall, slope, and drainage density were used
to highlight the flash flood pocket areas. Two different risk calculation approaches were
used to compare and validate the outcome. Morphometric analysis based on the 30-m
SRTM data gives valuable information to identify flash flood hazard potential areas. In
terms of population distribution and cropland availability, the sub-basins B, J, L, and K
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were the important sub-basins. The result showed that sub-basins B, F, and N are at a
very high risk of flash followed by E I, K, and L basins (high). The identified flood risk
sub-basins correspond with the recent past flood records. Unlike inundation and riverbank
flooding, flash flood potential is high in the upstream river section, which can be attributed
to its steeper slope and excess precipitation. It is concluded that the remote sensing data
is of great importance for morphometric analysis at a basin-scale to highlights flash flood
potential risk areas. This study also concludes that the growing cities: Hetauda and east
Bharatpur, are situated at high-, and very high-risk zones. Considering that the entire basin
is not equally prone to flood risk, the city planner should prioritize the potential flood risk
areas, with an especial focus on the two major cities of the basin.
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