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Abstract

Changes in climate cause significant alterations in morphometric parameters and may lead
to hydro-meteorological hazards. In this study, an attempt has been made to identify drain-
age morphometric characteristics through topographic, geologic and hydrological infor-
mation to assess the extreme weather events (flood) over the Gandak River Basin (GRB).
The standardized precipitation index (SPI) and rainfall anomaly index (RAI) were used for
deducing extreme rainfall incidences derived from the Tropical Rainfall Measuring Mis-
sion precipitation datasets. An assembled frequency distribution as well as trends in RAI
and SPI was calculated to understand the hydro-climatological behaviour of the basin. Dur-
ing the monsoon season, the years 1998, 2007, 2011, 2013 and 2017 witnessed the extreme
flood events. The variations in heavy and intense rainfall in short time can be linked to
extreme flood events, which leads to channel shifting and modifications, can be deduced
from provided asymmetric factors and sinuosity index. The results illustrated that both
the monsoonal rainfall and the frequency of extreme rainfall over the basin are increasing,
which could be a reason for a high severity and frequency of flood events in the GRB.

Keywords Flood - Standardized precipitation index (SPI) - Rainfall anomaly index (RAI) -
Morphometric - Gandak basin (Indo-Nepal region)

1 Introduction

The Indo-Gangetic Basin (IGB) comprises several river streams and act as an important
source for freshwater resources in the Indian region. The extreme rainfall events during
South-west monsoon are mainly driven by Himalayan mountain ranges over Indo-Nepal
regions in south-central Asia (Singh and Mal 2014; Mall and Srivastava 2012). Gandak
River Basin (or GRB) holds a unique topography covered by glaciers snowfields and
the mountainous terrain over the Nepal, while the downstream area forms an alluvial
plain in India. Because of the complex nature of the mountainous ecosystem, it is often
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problematic to understand the hydrological responses and extreme precipitation events
of GRB.

In the past, many researchers documented the use of morphometric analysis for
extreme event management as well as designing control measurements for flood and
drought, etc. (Pophare and Balpande 2014; Choudhari et al. 2018; Nagalapalli et al.
2019; Mall et al. 2019). Morphometric is the analysis of the mathematical measure-
ment of the earth’s surface, shape and dimension (Clarke 1966). Analysis of quantitative
morphometric parameters provides the information about the hydrological process and
nature of topography in the basin (Mall 2013; Kumar et al. 2018; Pradhan et al. 2018).
Evidence of topographical and hydro-geological characteristic can be described by the
drainage morphometric parameters, which is valuable for water resources potential
assessment and management (Pophare and Balpande 2014; Shukla et al. 2014; Yadav
et al. 2014; Chaubey et al. 2019). Chaubey et al. 2019 examined meteorological extreme
by applying statistical multi-scalar indices and moreover established a relation between
quantitative drainage characteristics with LULC changes in the river basin. Gener-
ally, the drainage system represents the subsurface lithology as well as predominated
topographic features, whereas river morphology comes under the modification of river
streams along its cross section owing to its erosion and sedimentation over the chan-
nel network (Pophare and Balpande 2014). Transverse topography asymmetry (T) and
asymmetry factor (AF) can be used to examine the shifting of river channel (Stankevich
et al. 2020).

Precipitation and soil moisture are the essential parameters for characterizing the basin
in terms of their hydrological responses for water resources management (Mall et al. 2006;
Gupta et al. 2013; Bhatt and Mall 2015; Edon and Singh 2019; Dey et al. 2020; Singh et al.
2020). The study may assist for water resources management with suitable planning and
design for a kind of pre-requisite river morphology (Horton 1945; Miller 1953; Chaubey
et al. 2019). The past studies have used different climate indices for spatio-temporal vari-
ation for establishing annual and seasonal period of drought over the central part of Nepal
region (Sigdel and Ikeda 2010; Dahal et al. 2016). Several challenges were taken as per
their study for the society, viz. health hazard, crop damages, flood, water contamination,
soil erosion that were caused by extreme rainfall events (Rajeevan et al. 2008; Mall et al.
2011, b). Thus, the Gandak catchment has faced severe extreme precipitation (flood) events
in last two decades in various districts covering both India and Nepal, which has caused
loss to the properties and cost millions of lives.

There was an increasing awareness about the flood conditions and its control through
approaches based on morphological studies and precipitation (Stankevich et al. 2020).
As per Malik et al. (2020), trend of extreme precipitation events can also be evaluated by
using appropriate global circulation model (GCM). According to McKee et al. (1993),
SPI is an important tool for monitoring the rainfall variation in the aspect of flood situa-
tion over a region. Many researchers adopted the SPI for flood monitoring with monthly
precipitation as an input on the shorter timescales as 1, 3 and 6 months and also used
for development of soil saturation and water resources management (Seiler et al. 2002;
Deo et al. 2015). Researchers also used the long-term rainfall data for the river basin to
study the probabilistic interpretation, in decision making and risk assessment for flood-
drought (Dahal et al. 2016; Meshram et al. 2018).Therefore, an integrated approach is
needed by evaluating extreme weather events and geomorphology to reveal flooding in
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the study area. This study is an attempt to evaluate the usefulness of SPI (McKee et al.
1993) and RAI (Rooy 1965) for analysis of extreme precipitation events in the GRB.
Furthermore, the morphometric parameters that could be responsible for extreme events
in the basin were also provided along with the nonparametric Mann—Kendall’s test for
understanding the trend and pattern in the data.

2 Study area

The GRB comprises Gandak and its six sub-watersheds, flowing north to south-
east above the northern Gangetic plain. GRB originates at the Tibetan Plateau from
Nhubine Himal Glacier from Nepal and confluences in India (Fig. 1). The total length
up to its confluence after flows south-east, and then it connects with the Ganges near
Patna district with downstream of Hajipur at Sonepur (Bihar, India) after travelling
15,846.08 km. in length (Fig. 1). GRB is controlled by the High Mountainous or Hima-
laya ranges and South Asian Monsoons. The basin shows a steep variation of weather
due to the presence of mountainous peaks of Langtang, Machhapuchhre, Dhawalagiri
and Annapurna. GRB has diverse geological record ranging from Cretaceous-Tertiary
igneous and metamorphic rock followed by Precambrian rocks to Quaternary sediments
in the lower south-east (SE) part of basin.
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Fig. 1 Geographical location of the study area
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3 Material and methods
3.1 Datasets
3.1.1 Precipitation and DEM

The morphometric analysis and delineation of drainage network were carried out by the
Shuttle Radar Topography Mission (SRTM) with 90 m spatial resolution in GIS environ-
ment (https://srtm.csi.cgiar.org). The SRTM uses interferometric synthetic aperture radar
(InSAR), which measures earth’s elevation using two radar antennas and a single pass
(Szabé et al. 2015; Rawat et al. 2018). The volumetric rainfall has been extracted for GRB
and its six sub-watersheds over the Indo-Nepal region using 21 years of precipitation data-
set taken from NASA Earth Observation (https://pmm.nasa.gov/data-access/downloads/
trmm or https://disc.gsfc.nasa.gov). This dataset is a combined Multi-satellite Precipitation
Analysis (TMPA) mission of Japan (JAXA) and USA (NASA) that provides global tropical
rainfall data at 0.25° X 0.25° spatial resolution (Malik et al. 2020).

3.1.2 Land use/land cover, soil and geology

Human activities (deforestation) cause transformation of LULC and are responsible for
landscapes alteration and geographical occurrence of flood (Abdulkareem et al. 2018). Sat-
ellite remote sensing has been used to examine the classification of LULC changes as all
spatial and temporal scales over the study area (Singh et al. 2018; Chaubey et al. 2019).
The satellite-derived LULC derived from LANDSAT-7 (https://earthexplorer.usgs.gov/) is
showing snow and forest cover in the Nepal region while agricultural land can be observed
in the Indian side (Fig. 2).

Figure 3 shows the soil and geological feature of GRB has been extracted from Har-
monized World Soil Database v 1.2 (https://www.fao.org/soils-portal/soil-survey/soil-
maps-and-databases) and Global Geology dataset from ESRI-USGS, respectively. Most
of the area of GRB is found covered by undivided Precambrian (37%) rock, quaternary
sediments (22.18%) of the mountain sedimentary mud and gravel in the north-eastern (NE)
part of upper Gangetic plain (India). A very less area was covered by typical Paleozoic
rocks (1.91%) and Mesozoic igneous rocks (1.01%) over mountain ridges. Geology of Gan-
dak River is unique, and it was formed due to the collision of Southern Gondwana land
and Northern Eurasian land with the sediments of Tethys Sea. The study area is showing
widely different formations in southern and northern parts of Nepal region. In addition,
the crystalline formations of the Archean iscovered by the alluvium of Terai. The sedi-
mentary deposits are due to the formation of a giant mountain as well as Siwalik through
the east—west river gradient (NIH-Roorkee 2017). The Gandak catchment area was geo-
logically dominated by the alluvium followed through Jurassic with Triassic formations
(Dwivedi et al. 1997). Moreover, the river basin was considered as a flood basin in between
the Burhi Gandak River and Kosi River, which were tectonically active with predominant
regional structure (Mohindra et al. 1992). Figure 3 shows the main frontal thrust (MFT)
and main central thrust (MCT) as the large-scale thrusts trending towards NE-SW and
NW-SE direction over the study area. The Gandak River was following the Gandak fault
trending to NW-SE and also Lumbini, Thakkola Graben and Kathmandu Fault trend-
ing towards NE-SW. The Gandak mega fan, viz. Rapti, Gandak and Ghaghara-Ganga
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Fig.2 Satellite view (a) and LULC (b) for the Gandak River Basin
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Fig.3 Soil and geological variability maps with lineaments over the study area
(WNW-ESE) faults, may be controlling the Gandak river flow in the India. According to
Sinha (2005), the most of the channel movements in this area, viz. avulsions, cut-offs, are

due to the neo-tectonics and sedimentological readjustments. The study area belongs to the
Himalayan region where Neo-tectonic activities mostly occur, which resulted in unstable
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slopes and loose rocks. These effects play a vital role in high sediment load in the river
basin. In the South-Eastern Nepal region, the sedimentation type (Bhabhar) is relatively
high. Therefore, the downstream channels are generally impacted with frequent and severe
flooding (IIT Kanpur 2018).

3.2 Quantitative morphometry analysis

Morphometric analysis of the GRB has been performed by using SRTM DEM data in Arc
GIS 10.3 program. The determination of river flow direction, accumulation and stream
order is also carried out through the DEM data. The quantitative drainage network analysis
can be directly related to flooding in GRB. The different aspects of morphometry param-
eter such as linear, aerial and relief are calculated. Moreover, to understand the tilting and
shifting of the river both transverse topography asymmetry and asymmetry factor (AF) are
calculated as shown in Tables 1, 2 and 3.

3.3 Nonparametric Mann-Kendall (M-K) trend tests

The nonparametric M—K test is a tool for determining monotonic trend and rank correla-
tion between the rank observation and their time order (Mann 1945; Kendall 1975). The
statistic S of the M—K test can be calculated according to Eq. 1:

n-1 n
S = Z Z Sgn(xj—xk) (1)

k=1 j=k+1

where
1, if(xj -x) >0
Sgn(xj —x) =14 0, if(xj -x) =0
=1, if(x;—x) <0

The normal distribution of the statistics S provides the Z-transformation as Eq. 2:

Table 2 Calculation of compound factor and prioritized ranks

S.No Watersheds R, Dy Fu T L, R B, R, C, R, Com- Prior-
pound itized
factor ranks

1 Gandak (Indian region) 6 2 5 7 7 7 7 71 17 1 5.6 7

2 Kali-Gandaki 5 4 6 1 3 1 1 1 6 2 3 1

3 Seti-Gandaki 4 3 2 6 5 5 5 5 1 7 43 5

4 Marsyangdi 2 6 3 21 3 3 3 2 6 31 2

5 Burhi Gandak 7 5 4 3 4 2 2 2 4 4 37 4

6 Trishuli 1 7 7 4 2 6 6 6 5 3 47 6

7 East Rapti 31 1 5 6 4 4 4 3 5 36 3
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s—1/c% ifS>0
0, if§$=0 )
s+1/c% ifS<0

‘mk

Increasing and decreasing trends of data were decided by the positive and negative val-
ues of Zy, while trend of magnitude can be estimated by Sen’s slope (Sen 1968) as

T,=x;—x./j—k Fori=12.N (3)

where datasets values x; and x; are at time j and , respectively.
The slope of the Sen’s estimator evaluated from the T; as the median of N values can be
represented by:

0 - Tyyi1/25 N is odd
i %(Tg + Tw,) N is even S
2 2

In the end, Q, .4y can be calculated by a two-tailed test at 100 (1 —a)% confidence
interval and then a true slope can be achieved by the nonparametric test. Positive and nega-
tive results of Q; state the increasing and decreasing trends of the datasets.

3.4 Standardized precipitation index (SPI)

The SPI can be calculated from rainfall by fitting to a probability distribution function. Let
x be the rainfall at the chosen timescale then probability density function satisfying gamma
distribution was estimated by using Eq. 5:

-1 an, G
F(x)_ﬂ“*r(a)x * e ( ), x>0 )
The historical rainfall data of the station were fitted to a gamma distribution parameters
shape (@) and scale (f), respectively, through a process of maximum likelihood methods
in reference of estimated values of A and B, well signified by a mathematical cumulative
probability function. Whereas, cumulative probability distribution to shape on the standard
normal distribution to generate SPI value (McKee et al. 1993) (Table 5).

3.5 Rainfall anomaly index (RAI)

According to Van Rooy (1965), rainfall anomaly index (RAI) provides the rank of the rain-
fall values to find both positive and negative rainfall anomalies.

RAT = +SF « [(p; - p) + (m - )] (6)

where p; is total sum of rainfall for month i, p is the long-term average rainfall, m is the
mean of the ten highest or lowest values of precipitation (p), +SF represent the arbitrary
threshold values of + 3 and — 3 that have, respectively, been assigned to the mean of the ten
most extreme positive and negative anomalies (Table 5). The rainfall anomaly is the per-
centage departure of monthly rainfall from the long-term mean which provides a dimen-
sionless measure of the abnormal precipitation (Bhalme and Mooley 1980).
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4 Result and discussions

The quantitative morphometric analysis is generally provided in three categories, viz. lin-
ear, areal and relief with seventh-order stream networks and fourth—sixth-order sub-basins.
The other parameters were analysed for subsurface topography and geology such as trans-
verse topographic asymmetry and asymmetry factor (Fig. 4). Extreme weather events in
terms of rainfall anomaly are examined for monsoon months (JJAS) for assessing the flood
events (Fig. 5). The regression model and rainfall anomaly index (RAI) were used in com-
parison with SPI as illustrated in Figs. 6, 7 and 8.

4.1 Network analysis (drainage)
4.1.1 Linear aspects

Stream order (S,) classification has been done based on the Strahler’s (1964) scheme for
stream ordering (Table 1). It was observed that in first-order streams (higher), the hilly
region pointed on terrain complexity with compact bedrock lithology in the study area
(Fig. 4b). Six sub-watersheds followed the fifth stream order, while Gandak River is having
seventh order of the stream. Kali-Gandaki basin was the longest stream of sub-watershed,
while East Rapti was the shortest stream length. Higher values of first-order streams in
GRB predict that there may be possibility of rapid flash floods followed by heavy rainfall
in the downstream segments as compared to the north Ganga basin. Trishuli sub-watershed
showed the highest (4.75) bifurcation ratio (R,) between first and second orders of streams,
while the R, showed an accelerated erosion in the catchment area and that reflected of the
variability in shape of stream network (Verstappen 1983; Shukla et al. 2014). From the
Kali-Gandaki to East Rapti, the R, value was found as (3.93-4.75) can be linked to low-
extended peak flow with structural disturbances and distorted drainage pattern (Table 1).
The Burhi Gandak basin has the highest Rho coefficient (p), which facilitates the estimated

83°E E 85°E 83 84 85°E 83°E S4°E 85°E
1

1 1 1 1 1 1
(a) Digital Elevation Model

1 1
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Fig. 4 Digital elevation model (a), drainage order map (b) and prioritized rank map (c) of the Gandak
watershed
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® : (2 ’

Fig.5 Transverse topography asymmetry is demonstrating leftward shift of the channels Main Gandak
River (a), Kali-Gandaki River (b), Seti-Gandaki River (¢), Marsyangdi River (d), Burhi Gandak River (e),
Trishuli-River (f) and East Rapti River (g)

storage capacity of drainage (Horton 1945). The Rho coefficient ranges from 0.11 to 0.26,
which can be related to the subsurface geology. It is responsible as primary controller of
the channel segments as well as higher water storage in the catchment during flooding
(Shukla et al. 2014).

4.1.2 Relief aspects

Relief aspects play a significant task in drainage expansions, permeability, streamflow over
the surface to sub-surface, landform development related to topography, etc. Relief (Bh)
is an essential aspect for studying the denudational characteristics of the basin (Sreedevi
et al. 2005). The analysis of Bh showed a very high value ranges between Kali-Gandaki
(8105 m) to East Rapti (2443 m) (Table 1) (Fig. 4a). The relatively higher Relief ratio (R,;)
of Gandak (18.01) and its sub-watersheds (17.88-53.09) showed a steep slope and moun-
tainous conformation of the terrain. As per Strahler (1957) method, Ruggedness number
(R,) has been calculated from the relief and drainage density (Shukla et al. 2014), which
represents the structural complexity of terrain in the sub-watersheds (Table 1). The R, of
Gandak (2.86) and its six sub-watersheds was ranging from 1.04 to 2.75, which showed
complexity in relief and drainage density and therefore may cause high vertical erosion in
the study area.
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Gandak River Basin, Indo-Nepal regions
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Fig.8 Time trends of SPI_I (monthly) (a), SPI_3 (winter) and (b), SPI_4 (monsoon) from the period of
1998-2018 over the study area

4.1.3 Areal aspects

A low drainage density (D) (0.35 km/sq km) has been found in GRB, which suggests an
existence of moderately permeable sub-soil surface lithology and dense vegetation leads
to coarse drainage texture (Table 1). The Gandak basin observed the coarse drainage tex-
ture categories controlled by climate, vegetation and lithology with the relief stage of
expansion (Smith 1950; Dornkamp and King 1971). The low value ranges (1.18-1.55) of
length overland flow (L,) over Gandak and its six sub-watersheds show the occurrence of
long flow paths and the area having gentle ground slopes towards the downstream, and it
reflects more infiltration with sharp to short flow paths with steep ground slopes. As per
Strahler (1964) method, elongation ratio (R,) ranges between 0.20 and 1, across a broad
range of climate and geologic types. For the Kali-Gandaki R, was computed to be 0.82,
which showed the watersheds vulnerability to floods (Sreedevi et al. 2005). Calculated
circularity ratio (Rc) of the Gandak basin (R,=0.22) indicated an elongated nature with
moderate runoff and permeability of the sub-soil. It indicates a mature stage of topography
with the presence of structural disturbances (Table 1). Texture ratio (R,) of the basin (1.71)
and its sub-watersheds (0.78-0.52) showed a very high relief of the basin (Table 1). Esti-
mated compactness coefficients (C,) of the basin illustrated the relationship of an elongated
hydrological basin. High compactness coefficient of Kali-Gandaki and GRB showed that
the glaciers are very confined in the catchment area (Table 1). The Seti-Gandaki shows the
highest shape factor ratio (S;) value (6.24), and it indicates the weaker flood discharge peri-
ods in the study area (Table 1). The drainage pattern (D,) over the catchment area showed
the dendritic to rectangular drainage pattern, whereas its sub-watersheds were the circular
to rectangular pattern influenced by heavy rainfall with healthy vegetation (Howard 1967).
The sinuosity index (SI) of the basin and its sub-watersheds indicated that the basin is
highly meandered (> 1.73) in nature, also supported by Muller (1968a, b). In addition, esti-
mated low stream frequency (F,) (0.09 to 0.10) and high drainage intensity (D;) (2.35 to
3.09) could be associated with the frequent flood and channel erosion in the study area
(Bhat et al. 2019).

4.2 Prioritization of sub-watersheds

Compound factor (CF) is defined as the ratio between sum of all the ranks assigned to the
linear and areal parameters with the number of the parameters (Patel et al. 2013; Maurya
et al. 2016; Yadav et al. 2016). Rank of the Kali-Gandaki has been assigned as first by the
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way of minimum CF value as 3, while Marsyangdi (Daraudi) and East Rapti as ranking
second and third, respectively (Table 2). The priority of the sub-watersheds can be speci-
fied on the basis of group of low ranking of CF, drainage density and slope while high infil-
tration rate (Patel et al. 2013).Water harvesting structures like check dams are suggested
in sub-watersheds of Kali-Gandaki, Marsyangdi (Daraudi), East Rapti and Burhi Gandak,
with priority ranks of first, second, third and fourth, respectively (Fig. 4c).

4.3 River channel shifting and trend analysis
4.3.1 Transverse topography asymmetry (T)

According to Cox et al. (2001), transverse topographic asymmetry is defined as the ratio of
stream channel (D,) and basin margin (D,) to the middle of the basin. It means that when
ratio D /D, approaches 1, the stream laterally migrates towards the margin apart from cen-
tre of the basin, which indicates that lateral tilt of the river basin, while D /D,=0 i. e.
D, =0, river basin would be symmetrical and its signifies that stream segment is at middle
(Dhanya 2014). The average value of T was 0.57 and appeared of prominent tilt in basin
(Table 3). According to previous studies for sub-basins, Kali-Gandaki River is having a
low tilt, while the Gandak River is associated with high tilt (Fig. 5). The formation of the
uplifted sector in the path of the river over the Indo-Nepal region by tectonic activity and
inferred in the present study from Nhubine Himal Glacier to Sonepur, India (Gandak con-
fluence with Ganga River) towards NNW to ESE direction representing the tilted basin
(Fig. 5).

4.3.2 Asymmetry factor (AF)

According to Hare and Gardner 1984, AF is defined as the landscape (basin) inclination
affected by confined or regional tectonic deformation over the river basin (at drainage
scale), while Cox (1994) suggested that AF indicates lateral shift of river basin with respect
to the main channel. AF is percentage (%) estimation of ratio between right-sided (from the
main channel) downstream drainage areas (A,) with total drainage area (A,) of the basin
(Hare and Gardner 1984; Cox 1994). The fluctuation of AF, above or below 50, resulted
in direction of probable differential tilting, active tectonic/neo-tectonic activity or litho-
logic/structurally controlled differential erosion. The AF (>50%) specified that the basin
was slanted to the leftward, while <50% state that the basin was slanted to the rightward
with respect to the downstream direction (Hare and Gardner 1984; Molin et al. 2004). AF
(30.58%) represents a negative differential value that proposed that the basin has been devi-
ated from its original path to the right side on the way of downstream direction (Table 4).
The Gandak main channel showed meander scar and growth of huge floodplain region over
the downstream (India) of the channel. It is demarcated by meander cut off sand paleo-
channel in left bank of river basin. The catchment area of main Gandak River with its sub-
watersheds is having the less AF (<50%) that pointed a channel shift to the rightward of
the drainage. The sub-watersheds of Kali-Gandaki (61.82%) and East Rapti River (51.52%)
basin are shifted to the leftward of the drainage basin (Fig. 5). Moreover, the Kali Gandaki
and East Rapti show the uplifted characteristic in the catchment area responsible for steep
runoff towards the downstream.
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Table 4 Asymmetry factor parameters and asymmetry factors of the study area basin

S. No. Basin/watersheds A, (Sqkm) A, (Sqkm) AF (%) Uplift-tilt/shift

1 Gandak River (GA) 13,712.8 44,836.148 30.58 <50%, Right side

2 Kali-Gandaki River (W1) 7340.09 11,872.4 61.82 > 50%, Left side, uplift
3 Seti-Gandaki River (W2) 1025.78 2952.06 34.74 <50%, Right side

4 Marsyangdi (Daraudi) River (W3) 1974.43 4796.78 41.16

5 Burhi Gandak River (W4) 1907.11 5010.8 38.05 <50%, Right side

6 Trishuli River (W5) 2108.77 6620.68 31.85

7 East Rapti River (W6) 1588.24 3082.71 51.52 > 50%, Left side, uplift
Table5 SPIand RAI S.No. SPI Description RAI

classification according to their

McKee et al. 1993
original definitions as applied in (McKee et a )

(Van Rooy 1965)

this study

1 >2.00 Extremely wet >3.00

2 1.50 to 1.99 Very wet 2.00 to 2.99

3 1.00 to 1.49 Moderately wet  1.00 to 1.99

4 0.50 to 0.99 Slightly wet 0.50 to 0.99

5 —0.49 10 0.49 Near normal —0.49100.49

6 —0.99 to —0.50 Slightly dry —0.99 to —0.50
7 —1.49to —1.00 Moderately dry  —1.99 to —1.00
8 —-1.99to —1.50 Very dry —2.99to —2.00
9 <-2.00 Extremely dry <-3.00

4.4 Spatial and temporal trend of rainfall for flood events

There was a vast spatial variation in rainfall found over the central part of the river basin
in Nepal region. As a result, the low rainfall concentration (< 100 mm) was observed in
the upper part (Trans-Himalayan ranges) of the basin, whereas the middle part witnessed
a rainfall of >700 mm/months (Fig. 6a) and 2000 (mm/year) (Fig. 6d) during monsoon
season. Thus, the spatial analysis is really helpful to develop the effective watershed man-
agement plans in this region. Moreover, a distinctive spatio-temporal variation of rainfall
is found in the catchment area, which added an importance to monitor the extreme events
(flood) and trend in different sub-watersheds of the GRB. Twenty-year monthly and annual
boxplot showed that the maximum rainfall occurred in the summer monsoon season with
normal to positive distribution, while the rest of the months showed a rainfall <250 mm/
months (Fig. 6b and e). There was a systematic rise and fall observed in the rainfall trend
found at the upper region of Himalaya but not clear in other physio-graphical zones over
the GRB in Nepal (Panthi et al. 2015). Moreover, the central basin areas were having high
rainfall in JJAS months resulting in severe flooding condition in a downward region, while
areas having low rainfall could be linked with the drought condition (Dahal et al. 2016).
Monthly and annual histogram plot showed that the maximum probability of rainfall in
between 0 to 100 mm/month and 1400 to 1600 mm/year, respectively. Figure 7 shows that
the seasonal rainfall variations in four classes as: (a) winter [December—January—Febru-
ary (DJF)], (b) spring [March—April-May (MAM)], (c) summer [June—July—August (JJA)]
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and (d) autumn [September—October—-November (SON)]. Seasonal plot helps to exam-
ine the maximum rainfall occurring in the area and can be used detect flood years. The
analysis showed that the 1998, 2002, 2003, 2004, 2005, 2007, 2011 and 2013 years were
having very extreme precipitation and therefore considered as flood years, also confirmed
by previous studies. Maximum rainfall was examined in summer (JJA) months as above
1300 mm/year, while years 1998, 2003, 2005 and 2011 showed the maximum rainfall
over the study area (Fig. 7). Box plot of the magnitude in seasonal average precipitation of
spring season revealed middle clustering as normal distribution, while winter and summer
rainfall distributions were median skewed towards upward (positive skewness). In the sum-
mer season, most of the extreme events come under upper quartile or in 75th percentile.
Autumn (SON) month’s boxplot showed downward rainfall distribution that reveals nega-
tive skewness with outliers (Fig. 7).

4.5 Standardized precipitation index (SPI) and rainfall anomaly index (RAI)
for flood condition

According to van Rooy (1965) and McKee (1993) classification, the dimensionless SPI
and RAI values can be classified into nine classes from extremely wet to dry followed
by near normal condition (Table 5). SPI has been computed over the study area on times
scale 1, 3 and 4 months, respectively, using the R language (Fig. 8). SPI_1 was the repre-
sentation of the normalized distribution of monthly rainfall interpreting the frequency of
extreme rainfall events in less duration of time. The northern Gandak drainages in Nepal
have a SPI_1> +2.2 pointed that the July of 2003, 2007 and August of 1998, 2015 were
the very wet months. The 1-month SPI indicated a value of —2.2 in 1998 and 2001 with
some higher values of -3 during December, which indicate an extremely dry condition in
2016. SPI_4 was evaluated from 4-month timescale for monsoon season and SPI_3 for
the 3-month timescale for winter rainfall to estimate flooding situation in the GRB. The
SPI_3 was fitted to a gamma distribution where the maximum likelihood estimation of
gamma distribution parameters, « and f of the cumulative probability. SPI_4 and SPI_3
showed a large variability of extreme rainfall (flood) in 1998, 2003, 2007 (SPI_4>2),
2013 (SPI_4>1.5) and found as a wettest year (Fig. 8). In the study area, eight numbers
of extreme events were estimated having the SPI value greater than 1.5 (Table 6). SPI was

Table 6 Number of extreme precipitation events as per description classification according to McKee et al.
(1993) and Van Rooy (1965) over the study

Extreme condi- Description Gandak  Kali-Gandaki Marsyangdi Burhi Gandak East Rapti
tion main
river

Extremely wet SP1>2.00 4 1 3 2 2
RAI>3.00 2 0 1 1 3
Very wet 1.50<SPI<1.99 2 9 4 9 11
2.00<RAI<2.99 7 10 10 7 6
Moderately wet ~ 1.00<SPI<1.49 34 35 36 29 26
1.00<RAIL1.99 31 31 21 30 27
Slightly wet 0.50<SPI<0.99 43 37 41 41 44
0.50<RAI<0.99 26 26 37 34 23
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assessed for estimated successive months in comparison with the previous years, which
analysed the wet to dry scenario over the study area in the last twenty-one years (Fig. 8
and Fig. 9). Figure 9 represents the 4-month time trends of SPI_4 (monsoon) from the
period of 1998-2018 over the sub-watersheds Kali-Gandaki, Marsyangdi, East Rapti and
Burhi Gandak denoted with the priority ranks 1 to 4. The maximum number of extreme
events has been found in East Rapti, while Marsyangdi sub-watersheds showed the least
events (Table 6). Marsyangdi sub-watersheds showed the highest number of extremely wet
(SPI>2.00) events (Fig. 9).

The RAI has been calculated for the study area as per Van Rooy (1965). As per esti-
mated RAI greater than three revealed that extremely wet events in East Rapti and
Marsyangdi sub-watersheds rather than remaining all watersheds. The highest number of
extremely wet events was found in the East Rapti River (Table 6). Estimated RAI showed
that the November 2002 and September 2007 were the most common period responsible
for extremely wet to very wet conditions in the Gandak and its all four prioritized sub-
watersheds (Fig. 10). Additionally, the long-term monsoon season (JJAS) rainfall anom-
aly was calculated from the extracted precipitation values over the study area for both the
region of India and Nepal (Fig. 11a, b).

4.6 Comparison between extreme Precipitation indices

Precipitation indices as SPI and RAI were computed and compared for the available sat-
ellite precipitation datasets for period 1998-2018. Figure 10 signifies the monsoon vari-
ability of both the indices (timescale, 4 months) as the RAI and SPI curves are compara-
ble. Considerable deviations occur only for the most extreme wet events, e.g. July 2002
(RAI>3.9) and 2003 (RAI>4.2), while December 2007 (2.3 <SPI<2.5) for East Rapti
and Marsyangdi sub-watersheds (Table 6).

4.6.1 Mann-Kendall (M-K) trend test

Trend test analysis has been performed using the M—K test to the calculated anomaly of the
extracted precipitation along with the Sen’s slope (Q) for twenty-one years (1998-2018). In
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Fig.9 Time trends of SPI_4 (monsoon) from the period of 1998-2017 over the sub watersheds Kali-Gan-
daki (a), Marsyangdi (b), East Rapti (¢) and Burhi Gandak (d)
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Nepal regions

the M—K test, Z, statistics ranges from 0.891 to—0.48, which indicates a rising and declin-
ing trend in the GRB. The M—K test has been computed at the confidence level (p <0.05).
The yearly estimation of Sen’s slope (Q) shows a rising slope in flood years 1998 (8.15)
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and 2001 (5.21). In overall, long-term rainfall trend by M—K test showed a negative trend
(—0.573). Applied M—K test over the estimated SPI and RAI provided tau values of —0.13
and —0.24, respectively, which is found highly significant with the p value <0.001. The
calculated correlation coefficient of 0.526 has been found between RAI and SPI values
(Fig. 12). Among different watersheds, the prioritized sub-watersheds Kali-Gandaki and
Burhi Gandak showed the highest correlation coefficients with the values of 0.54 and 0.53,
respectively. The hypothesis tests with the Pearson correlation is executed at a 95% confi-
dence interval which is statistically significant at the p-value of <0.05.

4.7 Potentially hazardous physical conditions of the basin and extreme events

The morphometric parameters and extreme weather events are taken into consideration
to assess the flood influencing characteristics in GRB and each prioritized sub-watershed.
The GRB is found to be in high flood hazardous zone based on the mentioned datasets and
methodology. As per the analysis, flood over the catchment area is affecting the agricultural
crop growth and population density mainly in Paschim-Purvi Champaran, Kushinagar,
Gopalganj, Muzaffarpur and Vaishali districts of Bihar (India). Recently, Burhi Gandak
has experienced flooding during August 2017 (GFCC 2018). The stream number showed
a very high value in first-order streams, which stated extreme flood event in less duration
of time. The calculation of four month’s (monsoon) timescale SPI and RAI also confirmed
the findings of the extreme events in the basin. Marsyangdi and Burhi Gandak sub-water-
sheds showed the maximum rate of extreme weather events evaluated from SPI (>2) and
RAI (>3). Both the watersheds are having a low value of drainage density could be due
to sparse vegetation and mountainous relief. The variability in relief condition may cause
high runoft and erosion, which may lead to severe flood in the downstream area (low alti-
tude). The high runoft responsible for flood situation and channel shifting (with the forma-
tion of paleo-channels) was calculated from precipitation indices and asymmetric factors,
respectively, over the flood-affected districts of the study area. The maximum discharge
of the river has been recorded as 11,400 m>/s at Dumariaghat and 13,250 m>/s at Triveni
in 2007 (CWPRS 2012). The variability of relief condition can increase the runoff, and
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Fig. 12 Scatterplot with Pearson correlation between estimated extreme indices at 95% confidence level
over study area
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erosion resulted in a severe flood condition in the downstream area (low altitude). The high
circulatory ratio of mountainous prioritized sub-watersheds Marsyangdi, Burhi Gandak
and East Rapti, may lead to high flood risk during peak time of rainfall, while high shape
factor and drainage intensity are associated with the channel erosion. The climate in each
of the four prioritized sub-watersheds is either arid or semi-arid with highest monthly pre-
cipitation of 747 mm in East Rapti and average of monthly sum precipitation ranging from
101 to 169 mm per year in the GRB. The high intensity of precipitation over the risky area
can result in high runoff in the basin. The extreme events could affect the Indian region and
disrupt kharif season crops cultivated in the Bihar state in India.

4.8 Possible uncertainties

Uncertainty analysis is generally used to know or uncover the ambiguity associated with the
variables and provide confidence in the decision-making process. The knowledge base of
the system is represented by models and ground observations for, e.g. in our case the DEM
data used for morphometric analysis, precipitation datasets from satellite and the method-
ology implemented for extreme events. In our study, SRTM DEM is used for morphomet-
ric analysis. Although it is not the best DEM for morphometric analysis, results are quite
satisfactory when used for basin level analysis. Studies by Szabo et al. 2015 compared the
two freely available global DEM, i.e. ASTER GDEM and SRTM, and demonstrated that
SRTM is better in terms of error variance. They found an uncertainty in the mean differ-
ence between topographic elevations of SRTM-V2, SRTM-V3 and GDEM +4 m,+2.5 m
and 9.1 m, respectively. For extreme precipitation events, TMPA satellite data were used.
Spatial resolution of satellite product used in this study is in the order of approx. 27.75 km.
Although the precipitation data are of course resolution, for basin level analysis results
are generally good with low errors. Many researchers used and compared the TMPA pre-
cipitation and provided that the data are good and can be used for hydro-meteorological
studies. Study indicated that the TMPA provides a good performance at monthly scales. It
successfully reproduces the ground-based histogram of precipitation and is able to detect
large daily events (Huffman et al. 2007). Similarly, the study by Prakash et al. over Indian
region demonstrated that both research and near real-time TMPA are giving satisfactorily
high-performance during monsoon as compared to Global Satellite Mapping of Precipita-
tion (GSMaP). For trend and pattern analysis, the MK test is very powerful, but some error
in estimate may occur when there are periodicities (i.e. seasonal effects) in the data (Hirsch
et al. 1991). In order to minimize the uncertainty due to this, all possible known periodic
effects have been removed during preprocessing of the data. In order to get the maximum
advantage of MK test, a longer time series is used in this study, as it gives more negative
results in shorter datasets. On the other hand, Sen is a robust method and less suffered by
extreme and missing values (Sicard et al. 2011).

5 Conclusions

The study has demonstrated the use of geospatial technique for extreme events assess-
ment through morphometric analysis and long-term rainfall datasets. This study analysed
monthly and seasonal RAI and SPI values calculated from long-term rainfall data and esti-
mated the shift in the frequency of precipitation anomaly. Morphometric analysis, geology,
soil, LULC indicated a less infiltration rate, which could be the reason for a high runoff in
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the basin and related flood. The flooding in GRB can be linked to the different triggering
factors, i.e. stream number (high value of first-order), Rho coefficient (high), Melton rug-
gedness number (high), elongation ratio (less), shape factor (high) and drainage intensity
(low), etc. It has been perceived that the low drainage density causes a high residence time
of the water that leads to flooding like situation in the basin. Besides, there was a large
inter-annual variation with distinct trends of rainfall in the monsoon season (JJAS) over the
study region. The monsoon, winter and annual SPI trend reveal the extreme weather events
(flood) based on the long-term analysis can be observed in the years 1998, 2002, 2007,
2011, 2013 and 2017. An analysis of flood years indicated a high SPI and RAI anoma-
lies, which confirms these findings. Precipitation trends estimated by M—K test indicated
an increasing trend of precipitation during flood years and wet season in last two decades.
The RAI and SPI were calculated, which revealed a high correlation on monthly and sea-
sonal timescales. The high rate of flood events was examined in prioritized sub-watersheds
kali-Gandak, Marsyangdi, East Rapti and Burhi Gandak, which are vulnerable to extreme
hydrological events such as intense rainfall and flood and therefore need utmost attention
for soil and water conservation. The prioritization of watersheds will support decreasing
the runoff and could control flood in the basin. Therefore, the outcome of this study can
be used to develop suitable water management practices for a better planning and develop-
ment of flood mitigation in the GRB.
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