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Climate change, NDVI, NDWL, Prought is often considered ?. silent dlsaster,.leadmg to foo.d and. water shortages,
displacement, and even conflict. Although evidence of ongoing climate change has

NDDL LST. been observed, limited research is carried out on drought conditions in the Gandaki

River Basin of Nepal. This study analyzed four indices i.e., Normalized Difference

Vegetation Index (NDVI), Normalized Difference Water Index (NDWI), Land Surface

Temperature (LST) and Normalized Difference Drought Index (NDDI) for January
and November between 1991 and 2021 by using Geographic Information System
(GIS) and remote sensing data. NDVI showed that dense vegetation decreased by
93.26% and built-up area increased by 96.88% in January compared between 1991
and 2021. Compared between 1991 and 2021, NDWI showed that the high water
stressed area increased by 49.5% in January. NDDI showed an increase in abnormally
drought area in January (164.03%) compared between 1991 and 2021. Both climate
change and human activities significantly contributes increasing trend of drought
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over the 30-year period in Gandaki River Basin. The study suggests exploring the
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Introduction

Drought, although among the most
intricate of natural disasters, remains one
of the least comprehended, impacting a
larger population than any other disaster
(Hagman et al., 1984; Mehta & Yadav,
2023). The term “drought” commonly
denotes an extended duration, spanning
months or even years, during which a
specific area experiences an inadequate
supply of surface water or groundwater,
leading to a disruption in its hydrological
equilibrium (Hisdal et al., 2000; Jonathan
& Suvarna Raju, 2017; Natarajan &
Vasudevan, 2020). There are different
types of droughts (meteorological,
hydrological, ecological, agricultural, and
socioeconomic) with their own unique
characteristics and impacts (Khan et
al., 2020; Liu et al., 2022). According
to prior studies, insufficient rainfall is
the main reason for drought (Chen et
al., 2015; Haile, 1988; Liu et al., 2015;
Natarajan et al., 2023; Zolotokrylin, 2010).
However, severity and duration of drought
recurrences are further exacerbated by
human interferences such as deforestation
(Vaglietti et al., 2022), unsustainable
grazing (Jordaan et al., 2019), and over
cultivation, increasing demands and
consumption of water (Khan et al., 2020)
and rising temperature trends and shifting
weather patterns (Bernstein et al., 2008).
Drought exerts a substantial influence on
primary production (Ciais et al., 2005), the
surface water flow (Lotfirad et al., 2022;
Radmanesh et al., 2022), groundwater
availability, hydropower production (Vliet
et al., 2016), and heightened vulnerability
to wildfires (Natarajan et al., 2023).
Furthermore, droughts
scarcity, which can have negative impacts
on people’s health and overall productivity
(Turral et al., 2011).

Droughts have substantial, pervasive, and
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frequently underestimated consequences
for people, ecosystems, and economies,
and only a fraction of the damage is
officially documented (GAR, 2021;
UNDRR, 2021). Each year, droughts
are expected to directly affect 55 million
people worldwide, making them the
greatest threat to agricultural products
(crops and livestock) in almost every
region of the world (Eckstein et al., 2021).
More than 10 million people have lost
their lives as a consequence of significant
drought occurrences over the past century,
resulting in hundreds of billions of dollars
in economic losses around the world, and
the figures are rising (Guha-Sapir et al.,
2017; Haitham et al., 2021). Every year,
approximately 12 million hectares of
land are lost due to the combined effects
of drought and desertification, and there
has been a more than two-fold increase
in the proportion of plants suffering from
drought damage over the past four decades
(FAO, 2017). Drought-caused wildfires
are threatening 84% of all terrestrial
ecosystems and 14% of all wetlands
crucial for migratory species are located
in drought-prone areas (WWF, 2019).
UNCCD (2022) has projected that as many
as 700 million people might be compelled
to leave their homes as a result of drought
by 2030. Similarly, there will be between
4.8 and 5.7 billion people living in drought
affected places by the year 2050, up from
3.6 billion at present (UN-Water, 2021).
South Asia is regarded as a hotspot for
hazards-prone regions, where the danger
of climatic extremes like drought has
increased due to a warming climate
(IPCC, 2023). Future predictions indicate
that climate change is expected to have
significant impacts on South Asia including
Nepal, India and Pakistan (Miyan, 2015)
in the middle of the 21* century (Aadhar
& Mishra, 2020). Nepal is vulnerable to
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climate change impacts. It has experienced
more pronounced warming in recent years
compared to the global average (Ghimire,
2019; Mehta et al., 2012; MOHA, 2009).
Nepal ranks among the top 10 most affected
countries by climate change in 2020 as per
the long-term Climate Risk Index (Eckstein
et al., 2021). Nepal is also experiencing
rising temperatures and a shortening of the
monsoon season with high-intensity rains
(Tripathi et al., 2020). Such circumstances
have resulted in drought, particularly in
the rain-dependent hill farming system,
where people rely on rains for substantial
agricultural production (Adhikari, 2018;
Bista et al., 2021). The issue, however,
had got worse due to a lack of research
on an appropriate index, inconsistent
precipitation and rainfall patterns, a lack
of real-time monitoring systems, etc., and
therefore calls for prompt assessment of
drought occurrences for decision-making
(Bista et al., 2021).

Remote  sensing  techniques  and
Geographic Information Systems (GIS)
combined together is very useful for
drought assessment as it can monitor
drought conditions continuously and
consistently and make spatial data
available for regional and global drought
analysis, especially in places where spatial
data is few or non-existent (Tang et al.,
2009), especially in mountainous countries
like Nepal (Sharma et al., 2020). Drought
severity is a quantitative measure of the
intensity of the drought event and indices
are used to provide quantitative assessment
of the severity of the drought (WMO and
GWP, 2016). There exists a wide array of
indices used for assessing various aspects
of drought, including the Palmer Drought
Severity Index (PDSI) developed by Palmer
(Palmer, 1968), the Normalized Difference
Vegetation Index (NDVI) introduced by
Rouse (Rouse et al., 1974), the Standard

Precipitation Evapo-transpiration Index
(SPEI) by Vicente (Vicente-Serrano et
al., 2010), the Standardized Precipitation
Index (SPI) formulated by McKee et al.,
(1993), the Normalized Difference Water
Index (NDWI) by Gao, (1996), and the
Normalized Difference Drought Index
(NDDI) proposed by Gu et al., (2007), etc.,
that can be used to assess drought severity.
Due to the complex nature of drought, Diego
et al., (2010) as well as Ndayiragije & Li
(2022) suggested a cross-combination of
various drought indices for more accurate
assessment of drought. Therefore, in this
study, the NDVI, NDDI and NDWI based

on Land Surface Temperature (LST) were
adopted among other indices for drought
severity assessment because of their cost
effectiveness (Gulacsi & Kovacs, 2018),
reliability, wide availability and easiness
to use in remote sensing and GIS. These
indices are also well-established in the
scientific literature and have been used in
numerous studies (Bashit et al., 2022; Gu
etal., 2007; Nepal et al., 2021; Paniagua et
al., 2020; Tavazohi & Nadoushan, 2018) to
monitor and assess the impacts of drought.
The Gandaki River Basin (GRB) of
Nepal’s climate has been changing
(Sigdel et al., 2022), but there aren’t
enough researches available to analyze
the drought in light of potential future
climatic scenarios (Mallick et al., 2019;
Shrestha et al., 2018). Furthermore, certain
studies have noted instances of drought
events occurring in Nepal, with variations
observed both in terms of location and
timing (Adhikari, 2018; Dahal et al., 2016;
Hamal et al., 2020; Sigdel et al., 2010). In
particular, available studies and research
(Baidya et al., 2008; Bajracharya et al.,
2011; Gautam & Regmi, 2013; Gurung &
Bhandari, 2009; Chaulagain et al., 2006;
Shrestha et al., 1999) in the GRB have
primarily focused on temperature and
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precipitation patterns. However, there is
limited research on drought conditions in
the GRB (Shrestha et al., 2020). Therefore,
to fill this research gap, this study aimed
at assessing drought in the GRB of Nepal
using GIS and remotely sensed data.

Material and Methods

1. Study Area

GRB (Figure 1) is a cross-border basin
spanning three distinct nations: China,
Nepal, and India (Dandekhya et al., 2017).
It is situated in the central region of Nepal,
characterized by coordinates ranging from
25.6° to 29.4° N latitude and 82.8° to
85.82° E longitude (Panthi et al., 2015). It
is the second-largest among Nepal’s three
major river basins (Panthi et al., 2015).
Emerging from the southernmost point of
the Tibetan Plateau, this basin meanders
its way through Nepal and into India,
ultimately merging with the Ganges River
(Pant et al., 2018). The elevation within the
basin varies significantly, ranging from 60
meters in the southern region to over 8000
meters north (Shrestha et al., 2011). GRB
encompasses 46,300 square kilometers of
catchment area, with a significant portion,
approximately 35,000 square kilometers,
situated in Nepal, covering all of its agro-
ecological zones (Panthi et al., 2015).
The prevailing climate in this region is
predominantly influenced by the summer
monsoon system of India, with roughly
80% of the annual rainfall occurring
between June and September (Panthi et al.,
2015; Zhang & Fang, 2020).

The GRB can be categorized into five
distinct physiographic regions: Terai,
Siwalik (Sub-Himalaya), Lesser Himalaya
(Middle Mountains), Higher Himalaya,
and Trans-Himalaya (Shrestha et al.,
2011). Consequently, the GRB showcases
a spectrum of topographical, climatic,
ecological, and socio-economic variations
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along Nepal’s elevation gradient (Panthi et
al., 2015). This basin is notably susceptible
to water-related hazards, such as floods and
landslides, during the monsoon season, as
well as forest fires, often ignited by dry
season winds (Dandekhya et al., 2017).
In Nepal, the GRB spans 19 districts
(Maharjan et al., 2020) and 12 of these
districts are totally inside the river basin,
while seven are partially within it (Regmi
et al., 2016). The total population residing
either partially or entirely within the basin
is approximately 40 million people, with
5 million of them accounted for in Nepal
according (CBS, 2011).

2. Data Collection

United States Geological Survey (USGS)
archives (1991 and 2021) were used to
obtain the Operational Land Imager (OLI),
Thermal Infrared Sensor (TIRS) and
LANDSAT-8 images. Images having cloud
cover < 5% were selected. The images
were collected for the post-monsoon
(November) and winter season (January)
for the year 1991 and 2021.

3. Data Analysis
3.1 Drought Severity Map
The drought severity map was created
by classifying the Normalized Difference
Drought Index (NDDI) map. The NDDI
was computed from the LANDSAT-S,
OLI/TIRS images using ArcGIS 10.8.
Normalized Difference Vegetation Index
(NDVI) was obtained using Equation 1
(Rouse et al., 1974).

NIR—pRed
NDVI = m (1)
Where,
NIR is the reflectance corresponding to
Near Infrared Reflectance band and Red is
the reflectance corresponding to red band.
The Normalized Difference Water Index
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Fig 1. Study area showing Gandaki River Basin

(NDWI) results show a faster reaction to
drought circumstances. It was calculated
using Equation 2 (McFeeters, 1996).

pGreen—pNIR

NDWI = pGreen+pNIR (2)

Where,

Green is reflectance corresponding to green
band and Red is reflectance corresponding
to red band.

The Land Surface Temperature (LST)
is used as an indicator for evaluating
vegetation water stress, evapotranspiration,
and soil moisture. It was calculated using
Equation 3 (Orimoloye et al., 2018).

Tb

LST = 1+(A«Tb(p)Ine’ (3)

Where,

Tb: Brightness Temperature,

A: wavelength of emitted radiance,

p: h % ¢/o; h is Planck’s constant (6.26 x

10241 s); ¢ is the velocity of light (2.998 x
108 m/s); o is Stefan Boltzmann’s constant
(1.38 x 10 —#J K™

€: land surface emissivity.

Both the NDWI and NDVI data generated
from LANDSAT bands were used for
calculating the NDDI. It was estimated
using Equation 4 (Gu et al., 2007).

NDVI-NDWI
Discussion

1. Normalized Difference Vegetation
Index (NDVI)

The NDVI classes were classified into
five NDVI categories (ANNEX 1.1).
Dense! vegetation decreased by 93.26%
in January between the year 1991 and
2021 (Figure 2 and Table 1). However,
dense vegetation increased by 222.37% in
November when compared between the

1.The trees and other plants in a large densely
wooded area
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year 1991 and 2021. Sparse! vegetation
decreased by 12.14% in January when
compared between the year 1991 and
2021. However, the sparse vegetation
area increased by 163.42% in November
when compared between the year 1991
and 2021. The shrub and grassland were
found to be increased by 49.45% and 14.5
% in January and November respectively
when compared between the year 1991
and 2021. The barren land was observed
to increase by 102.73% in January when
compared between the year 1991 and

Bhattarai et al.

2021. Though, decline of barren land
by 5.02% was observed in November
when compared between the year 1991
and 2021. The built-up area increased
by 96.88% in January when compared
to the year 1991 and 2021. However, the
built up area was decreased by 14.61%
in November when compared to the year
1991 and 2021. The water body decreased
by 56.15% and 14.61% in January and
November respectively when compared
between the year 1991 and 2021.

1:3,499.072
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a) Jan 1991

1:3,499,072
—— Km
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b) Nov 1991
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Fig 2. NDVI map of GRB

1. Limited or very little vegetation, as in things on
the forest floor, due to lack of sun
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Table 1. Area in percentage of different vegetation

Vegetation Area in percentage
Jan 1991 Nov 1991 Jan 2021 Nov 2021

Water 343 39.5 15.0 16.1
Built-up Area 18.5 23.9 36.5 20.4
Barren Land 7.6 7.3 154 7.0
Shrub and 15.0 15.6 223 17.9
Grassland

Sparse Vegetation 11.2 9.2 9.8 243
Dense Vegetation 13.5 4.5 0.9 14.4
Total 100 100 100 100

As NDVI serves as a robust indicator
of drought-affected vegetation, it was
computed and cartographically represented
using ArcGIS (Joshi & Dongol, 2018).
The study found a considerable increased
in barren land and a decline in dense
vegetation during January when compared
between the year 1991 and 2021 (Table 1).
The idea that drought-induced stress slows
down photosynthesis (Hossain & Li, 2021),
increases mortality, and reduces plant
recruitment and seedling establishment
is supported by the declining vegetation,
which may possibly be a result of increased
drought intensity and frequency (Das et al.,
2023). Shrub and grassland areas, on the
other hand, increased during January and
November (Table 1), indicating a possible
shifting cultivation and biotic pressure
(Sangita & Dulal, 2021). The NDVI
analysis unveiled a noteworthy reduction
in the extent of water bodies, attributable
to the influence of climate change and
amplified human activities within the basin
(Table 1) (Bajracharya et al., 2011; Mirza,
2003; Paudel et al., 2021). The study
conducted in Bangladesh’s northwest,
found the increasing impact of drought on
the country’s existing waterways (such as
rivers and canals) (Das et al., 2023; Seto,
2011). Furthermore, ecosystem functioning
was also observed declining (Das et al.,
2023; Sultana et al., 2021). Conversion
of natural areas into built-up land is

another crucial factor in declining water
bodies (Ramachandraiah & Prasad, 2004).
However, the number of emerging cities
and megacities has increased in built-up
areas (Nagendra et al., 2014). Our study’s
findings are comparable with several recent
studies conducted in the northern part of
Bangladesh (Ahmed et al., 2020; Das et
al., 2023; Rai et al., 2017), which show a
declining tendency of water bodies and a
rising trend of settlement and built-up land.
Overall, the NDVI experienced increasing
trends which is parallel with the findings
of several studies in Nepal (Baniya et al.,
2018) and the Northern Hemisphere (Chen
et al., 2014; Mishra & Mainali, 2017,
Wang et al., 2017; Xu et al., 2014; Zhong
et al., 2010). Research findings have
shown a rise in NDVI levels in regions
such as Russia, Europe, and northern
China characterized by northern mid and
high latitudes, as well as in equatorial
regions like Africa and Southeastern Asia,
with the exception of South America. This
observation was documented in studies
conducted by Kawabata et al., (2001) and
Ichii et al., (2002). The increase in NDVI
between November 1991 and 2021 in our
study might be due to the afforestation
program carried out in the degraded land
and conservation initiatives led by the
government which is comparative to
the study in the North Western region of
Bangladesh (Das et al., 2023; Kafy et al.,
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2020). However, the NDVI had declined in
the Southern Hemisphere i.e., Argentina,
and Australia (Ichii et al., 2002; Kawabata
et al., 2001). Furthermore, the study found
a negative trend in the NDVI value due to
the increase in drought events from 1990
to 2020 (Das et al., 2023; Isbell et al.,
2015). This can be due to the combined
effects of deforestation, climate change,
and migration in the basin (Nepal et al.,
2021; Regmi et al., 2016; Wassie, 2020;
Yang et al., 2023). It might also be feasible
to utilize NDVI projection methods based
on rainfall patterns, as demonstrated in
the work of (Brown et al., 2005), to offer
advance alerts for early drought situations.

2. Normalized Difference Water Index
(NDWI)

The NDWI classes were classified into
six NDWI categories (ANNEX 1.2). The
very high water stressed area decreased
by 85.45% and 85.26% in January and
November respectively when compared
between the year 1991 and 2021 (Figure
3 and Table 2). The high water stressed
area increased by 49.5% in January when
compared between the year 1991 and 2021.
However, the high water stressed area
decreased by 21.27% in November when
compared between the year 1991 and 2021.
The less water stressed area increased by
94% and 1.77% in January and November
respectively when compared between the
year 1991 and 2021. The no effect area
was increased by 205.97% and 67.41% in
January and November respectively when
compared between the year 1991 and
2021. The normal conditions increased
by 93.67% and 244.73% in January and
November respectively when compared
between the year 1991 and 2021. The
snow/glacier area decreased by 69.76 %
and 30.43 % in January and November
respectively when compared between the
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year 1991 and 2021.

Nepal ranks 40" for overall water stress
around the world and lies in the high
water stress category (Hofste et al.,
2019). In GRB, the very high water
stressed area decreased from 1991 to
2021 (Table 2). Adaptation practices
like modern agriculture practices, rain
water harvesting, conservation ponds,
etc., practiced in the basin may be the
possible cause (Regmi et al., 2016). High
water stressed area was increased in
January between the year 1991 and 2021
(Table 2) due to more soil moisture loss,
low precipitation, climate change, and
increase in temperature than in November
(Dhakal et al., 2010). The study in
Bangladesh’s northwest between 2004
and 2013 revealed a decrease in annual
average precipitation, which also supports
drought in the region (Das et al., 2023;
Rahaman et al., 2016). Drip irrigation and
water uplifting might have contributed in
the increment of less water stress area and
no effect area along with normal condition
class (Dhakal et al., 2010). Snow, glaciers
and mountains are the primary sources of
water in the South Asian countries (Cui
& Graf, 2009). They shifted greatly from
1991 to 2021, with reductions of areas in
November (Figure 3 and Table 2) due to
climate change and human action (Cui &
Graf, 2009). The snow decreased due to
an increase in temperature and changing
precipitation pattern which is analogous
with the record of Rebetez (1996) in six
different locations of Switzerland. Rising
temperatures have contributed to the
melting of snow and glaciers across the
world i.e., India (Mastny, 2000; Vohra,
1981), China (Mool et al., 2004; Tang et
al., 2013), Bhutan (Ageta et al., 2003),
and GRB in recent years (Rai et al.,
2018). The stress in water availability has
serious impact on climate change (Figure
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Fig 3. NDWI Map of GRB

Table 2. Area in percentage of different water stress level

Water Stress Level

Area in percentage

Jan 1991 Nov 1991 Jan 2021 Nov 2021
Very High Water Stressed 41.2 44.6 6.0 6.6
High Water Stressed 4.6 52 6.9 4.1
Less Water Stressed 7.8 7.2 15.1 7.3
No Effect 13.5 13.1 41.2 21.9
Normal Condition 12.7 14.3 24.7 49.2
Snow / Glacier 20.1 15.7 6.1 10.9
Total 100 100 100 100

3). A further sign of climate change is the
decline in water supplies (groundwater
recharge  decreases) especially in
downstream areas (Nagendra et al., 2013)
which is correlate with the result of Park

etal., (2016) in the north-western areas of
Bangladesh.

3. Land Surface Temperature (LST)
The LST classes were classified into five
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categories based on temperature (i.e.,
<10°C, 10°C -20°C, 20°C -30°C, 30°C
<). Land area with temperature less than
0°C was decreased in both the months
by 23.97% and 55.56 % in January and
November when compared between the
year 1991 and 2021 (Figure 4 and Table
3). Land area with temperature between
0-10°C decreased by 7.59% in January,
and 21.04 % in November when compared
between the year 1991 and 2021. Land
area with temperature between 10-20°C

1:3,580,000

0 25 50 100

a) Jan 1991

150

Bhattarai et al.

increased by 12.78% in January and
36.23% in November when compared
between the year 1991 and 2021. Land
area with a temperature between 20-30°C
increased by 62.08% (3.56% to 5.78%) in
January and 544.73% (0.16% to 6.19%)
in November when compared between
the year 1991 and 2021. Land area with
temperature more than 30°C decreased by
44.32% in January however, it increased
in November when compared between the
year 1991 and 2021.

1:3,580,000
100

b) Nov 1991

0 25 50 150 200

1:3,580,000

0 25 50

1:3,580,000

100 150 200 0 25 50 100 150 200
¢) Jan 2021 d) Nov 2021
Legend N
LST Value B o- 0 Bl -
[~ B 0-2 B o

Fig 4. LST map of GRB

Table 3. Area in percentage of different land surface temperature

Temperature Area in Percentage
(Degree Celcius) Jan 1991 Nov 1991 Jan 2021 Nov 2021
Less than 0 26.12 28.39 19.86 12.62
0-10 24.20 26.29 22.36 20.75
10-20 46.10 4436 52.00 60.44
20-30 3.56 0.96 5.78 6.19
More than 30 0.01 0.00 0.01 0.01
Total 100 100 100 100
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Temperature was found to be increasing
in GRB between the years 1991 and 2021
(Figure 4 and Table 3). The increase in
temperature in GRB is parallel to the
results of Qin et al., (2009) and Ouyang et
al., (2019), in the neighboring area of the
Tibetan Plateau and Mao et al., (2017) in
the South Asia region. The land area with
temperature <10°C was decreased (Table
3), which might be due to the melting
of Himalayan glaciers and low rainfall/
snow in the region (global warming
phenomenon) (Luintel et al., 2019). The
land area with temperature 10-30° C is
increasing (Figure 4) due to urbanization,
deforestation (Maillard et al., 2022), air
pollution (Kahya et al., 2016) and land use
change (Kafy et al., 2020) which results in
increasing drought in the GRB. Negative
relation between NDVI and temperature
was discovered in our study, indicating

that the rising temperature in GRB had
an adverse effect on vegetation (Figure 3
and Figure 4) which is parallel with the
study of Das et al., (2023), in Bangladesh.
The inverse correlation observed between
vegetation NDVI and LST (Figure 3 and 4)
may be attributed to decreased vegetation
resistance and resilience, possibly resulting
from the lasting impacts of drought (Das et
al., 2023; Hossain et al., 2022; Hossain &
Li,2021; Isbell etal., 2015). The increasing
LST has resulted in drought-induced
stresses in GRB and led to climate-induced
disturbances (Das et al., 2023).

4. Accuracy Assessment

Accuracy assessment of NDVI was carried
out were overall accuracy was achieved
more than 70% with kappa coefficient
more than 65% (Table 4).

Table 4. Accuracy Assessment of NDVI for the months Jan and Feb of the year 1991 and 2021.

S. Vegetation Wat  Buil Barre Shrub Sparse Dense Tot User Kap
N. (Jan,1991) er t-up n and Vegetati Vegetati al  Accura pa
Are Land Grassla on on cy
a nd
1 Water 149 0 13 2 4 3 171 0.87 0
2 Builtup Area 0 54 25 4 4 6 93 0.58 0
3 Barren Land 0 0 25 2 7 4 38 0.66 0
4 Shrub and 0 0 8 57 5 5 75 0.76 0
Grassland
5  Sparse 0 0 0 2 46 8 56 0.82 0
Vegetation
6  Dense 0 0 3 3 11 50 67 0.75 0
Vegetation
Total 149 54 74 70 77 76 500 0 0
P_Accuracy 1 1 0.337 0.81428 0.597403 0.657895 0 0.762 0
84 6
Kappa 0 0 0 0 0 0 0 0 0.705
S. Vegetation Wat Buil Barre Shrub Sparse Dense Tot User Kap
N. (Nov,1991) er tup n and Vegetati Vegetati al  Accura pa
Are Land Grassla on on cy
a nd
1 Water 177 0 13 2 3 2 197 0.90 0
2 Builtup Area 0 75 25 8 6 120 0.63 0
3 Barren Land 0 5 28 1 1 2 37 0.76 0
4  Shrub and 0 0 3 54 9 12 78 0.69 0
Grassland
5  Sparse 0 0 1 3 33 9 46 0.72 0
Vegetation
6 Dense 0 0 1 1 2 18 22 0.82 0
Vegetation
Total 177 80 71 69 54 49 500 0 0
P_Accuracy 1.00 094 039 0.78 0.61 0.37 0 0.77 0
Kappa 0 0 0 0 0 0 0 0 0.77
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Continue of Table 4. Accuracy Assessment of NDVI for the months Jan and Feb of the year 1991 and 2021.

S. Vegetation Wat  Builtup Barren

Shrub  Sparse Dense Tot User Kap

N. (Jan,2021) er Area Land and Vegetat Vegetat al Accur pa
Grassl ion ion acy
and
1 Water 73 0 2 0 0 0 75 0.97 0
2 Builtup Area 2 112 55 9 4 0 182 0.62 0
3  Barren Land 0 9 59 8 1 1 78 0.76 0
4 Shrub and 0 2 4 29 6 8 49 0.59 0
Grassland
5  Sparse 0 1 3 6 93 9 112 0.83 0
Vegetation
6 Dense 0 0 3 1 1 5 10 0.50 0
Vegetation
Total 75 124 126 53 105 23 506 0 0
P_Accuracy 0.97 0.90 0.47 0.55 0.89 0.22 0 0.742 0
Kappa 0 0 0 0 0 0 0 0 0.74
2
S. Vegetation Wat  Builtup Barren Shrub  Sparse Dense Tot User Kap
N. (Nov,2021) er Area Land and Vegetat Vegetat al Accur pa
Grassl ion ion acy
and
1 Water 77 0 3 0 0 0 80 0.96 0
2 Builtup Area 5 44 38 5 4 6 102 043 0
3  Barren Land 0 0 19 8 4 4 35 0.54 0
4 Shrub and 1 2 4 60 6 16 89 0.67 0
Grassland
5  Sparse 0 0 1 6 105 10 122 0.86 0
Vegetation
6 Dense 0 1 2 3 9 57 72 0.79 0
Vegetation
Total 83 47 67 82 128 93 500 0
P_Accuracy 0.93 0.94 0.28 0.73 0.82 0.61 0 0.724
Kappa 0 0 0 0 0 0 0 0 0.72
4

5. Normalized Difference Drought Index
(NDDI) as Drought Severity Map

The NDDI classes were classified into
six NDDI categories (ANNEX 1.3).
The abnormally drought area increased
by 164.03% in January when compared
between the year 1991 and 2021 (Figure
5 and Table 5). However, abnormally
drought area declined by 40.5% in
November when compared between the
year 1991 and 2021. Moderately drought
area increased by 34.58% and 44.36% in
January and November respectively when
compared between the year 1991 and 2021.
Severe drought area decreased by 67.81%
in January when compared between the
year 1991 and 2021 (Table 5). Though
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severe drought area increased by 39.49%
in November when compared between
the year 1991 and 2021. Extreme drought
area decreased by 96.37% in January when
compared between the year 1991 and
2021. However, the extreme drought area
increased by 216.37% in November when
compared between the year 1991 and
2021. Exceptional drought area decreased
by 99.1% in January when compared
between the year 1991 and 2021, though,
increased by 984.66% in November when
compared between the year 1991 and 2021
(Table 5). The water body/snow decreased
by 45.91% and 47.91% in January and
November respectively when compared
between the year 1991 and 2021.

12



. Evaluation of Drought in Gandaki River Basin, Nepal

1:3,580,000
a) Jan 1991

] 30 60 120 180 240

1:3,580,000
b) Nov 1991

NDDI Value

I Water Body/ Snow [ Abnormally Drought |:| Moderate Drought A
:] Severe Drought - Exceptional Drought - Extreme Drought

0 30 60 120 180 240 030 60 120 180 240
1:3,580,000 1:3,580,000
¢) Jan 2021 b) Nov 2021

Legend N

Fig S. Drought map of GRB

Table 5. Area in percentage of different drought level

Drought Level Area in Percentage

Jan 1991 Nov 1991 Jan 2021 Nov 2021
No Drought (Water/ Snow) 30.9 27.6 16.7 14.4
Abnormally Drought 13.8 25.1 36.3 14.9
Moderate Drought 29.0 32,5 39.1 47.0
Severe Drought 243 13.4 7.8 18.7
Extreme Drought 2.0 1.3 0.1 4.1
Exceptional Drought 0.0 0.1 0.0 0.9
Total 100 100 100 100

NDDI is recommended for measuring
drought because it is a more recent and
sensitive indicator and can provide a more
accurate response in relation to the drought

rates (Tavazohi & Nadoushan, 2018).
Our study found higher NDDI during the
dry season of the year which is in full
accord with the results of several studies
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(Mongkolsawatu et al., 2009; Torres et
al., 2010; Tavazohi & Nadoushan, 2018).
Higher NDDI during the dry season is
also similar to the study in Northeastern
Thailand (Mongkolsawatu et al., 2009;
Torres et al., 2010). In summer, NDDI
was proven as an effective index in
measuring drought (Gu et al, 2007).
Considering the area of the GRB, study
in Mongolia also concluded about the
NDDI capacity to measure drought on a
large scale (Erdenetuya et al., 2010). The
abnormally drought, moderately drought
and severe drought area were increased
in January when compared between the
year 1991 and 2021 whereas Moderate
Drought area also increased in November
(Table 5), which might be due to change in
rainfall patterns (Tavazohi & Nadoushan,
2018), overpopulation (Young, 1995),
climate change (Sayari et al., 2013), and
anthropogenic activities (AghaKouchak
et al,, 2021). A study by Khatiwada &
Pandey (2019) also recorded an increase in
drought events in the Karnali river basin of
Nepal. An escalation in drought conditions
could have far-reaching consequences,
impacting water availability, crop yields,
and posing significant challenges across
the environmental, economic, and social
domains (Khatiwada & Pandey, 2019).

Nepal witnessed consecutive and worsening
drought conditions during 2005-2006
which was among the most difficult for
Nepal’s mountainous country’s agriculture
practices and water resource management
(Bagale et al., 2021). Similar study shows
the western and central region of Nepal as
a highly affected drought area than eastern
region. However, the abnormal drought
area and severe drought area decreased in
GRB due to the change in local weather
patterns (Sayari et al., 2013). Drought
has a direct impact on crops, resulting
in financial losses and jeopardizing the
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livelihoods of the people. Nations like
Nepal, where a significant portion of
the population depends heavily on rain-
based agriculture for their sustenance, are
especially susceptible to the adverse effects
of drought (Gentle & Maraseni, 2012).
Previous research indicated that Ethiopia
experienced its worst extended droughts
between 2002 and 2003, affecting the
Awash River Basin. This finding aligns with
our analysis of the drought tendency in the
GRB between 1991 and 2021 (Getahun et
al., 2023; Bayissa 2018; Mohammed et al.,
2018; Suryabhagavan, 2017; Yadeta et al.,
2020). Studies conducted around the world
revealed that the current drought caused by
climate change has increased in intensity,
severity, and frequency over the past few
decades (Band et al., 2022; Getahun et al.,
2023; Sahana et al., 2021; Shamshirband
et al., 2020). According to previous
research (Fensholt et al., 2015; Nicholson
et al., 1998), drought is an important factor
in land degradation processes all over the
world. GRB may be more susceptible to
extreme dryness if drought persists, which
could have a significant impact on local
people and ecosystems (Leng et al., 2015).
Similar findings were reported by the study
of Orimoloye et al., (2019) in South Africa.
Therefore, impact assessment studies of
drought events are essential (Bagale et al.,
2021).

It is evident that the basin is confronted
with significant hurdles pertaining to the
utilization of water resources, degradation
in upstream areas, the vagaries of
weather patterns, and a deficiency in
public awareness, as highlighted in the
work of Chhetri et al., (2020). Moreover,
the absence of comprehensive data on
actual water availability within the basin
compounds the challenges faced in
formulating effective drought mitigation
strategies. Consequently, it is imperative to
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conduct a comprehensive study in regions
affected by drought to accurately assess
water availability in the basin and address
both present and future water demands and
mitigate the impact of drought.

Conclusion

In conclusion, this study sheds light
on the often underestimated and silent
catastrophe of drought, with its far-
reaching consequences including food
and water shortages, displacement, and
even the potential for conflict. Amidst the
evident signs of ongoing climate change,
there has been a notable lack of research
focused on drought conditions within
the GRB of Nepal. Through the rigorous
analysis of four key indices NDVI, NDWI,
LST, and NDDI in the period 1991 and
2021, and employing the power of GIS and
remote sensing data, this study provides
valuable insights into drought occurring
in GRB. The findings are both compelling
and concerning. They reveal a stark
93.26% decrease in dense vegetation and a
striking 96.88% increase in built-up areas
in the month of January, when comparing
the years 1991 and 2021. Equally alarming
is the 49.5% growth in high water-stressed
areas observed in the same month. The
NDDI further underscores the gravity of
the situation, with an astounding 164.03%
expansion in abnormally drought-affected
areas in January over the three-decade
span from 1991 to 2021.

What becomes unmistakably evident is that
the increasing trend of drought in the GRB
is not merely a product of natural climate
variability but is significantly exacerbated
by human activities. This necessitates
urgent attention from policymakers and
the wider community. In light of these
findings, this study advocates for the
exploration and utilization of modern tools
such as GIS and Remote Sensing for the

prediction of drought and the continuous
monitoring of its impact on both
ecosystems and human populations. Such
an approach offers a valuable resource for
policymakers and stakeholders as they
work to develop effective strategies for
combatting the growing threats of drought
and climate change. By harnessing the
power of these technologies, we can better
prepare, respond, and adapt to the evolving
challenges posed by drought, ultimately
fostering resilience and sustainability in
the GRB and similar regions facing similar
crises.

Acknowledgments

We also acknowledge the invaluable
contributions of previous researchers in the
field, the financial support from Department
of Forest and Soil Conservation, Ministry
of Forest and Environmental, Nepal, the
guidance of our colleagues and advisors,
and the unwavering support of our families
and friends. This research underscores
the significance of collaborative efforts,
and we are grateful for the support of all
those who contributed to its successful
completion.

References

Aadhar, S., & Mishra, V. (2020). On the pro-
jected decline in droughts over south Asia
in CMIP6 multimodel Ensemble. Journal
of Geophysical Research: Atmospheres,
125(20), 2020JD033587. https://doi.
org/10.1029/2020JD033587

Adhikari, S. (2018). Drought impact and ad-
aptation strategies in the mid-hill farming
system of western Nepal. Environments,
5, 101. https://doi.org/10.3390/ENVI-
RONMENTSS5090101

Ageta, Y., Naito, N., & IWATA, S. (2003). Gla-
cier distribution in the Himalayas and gla-
cier shrinkage from 1963 to 1993 in the
Bhutan Himalayas. Bulletin of Glaciolog-
ical Research, 20, 29-40.

Journal of Drought and Climate change Research (JDCR)

Summer 2024, Vol. 2, No. 6, pp 1-26


https://doi.org/10.1029/2020JD033587
https://doi.org/10.1029/2020JD033587
https://doi.org/10.3390/ENVIRONMENTS5090101
https://doi.org/10.3390/ENVIRONMENTS5090101

AghaKouchak, A., Mirchi, A., Madani, K.,
Di Baldassarre, G., Nazemi, A., Albor-
zi, A., ... & Wanders, N. (2021). An-
thropogenic drought: definition, chal-
lenges, and opportunities. https://doi.
org/10.1029/2019RG000683

Ahmed, N., Mahbub, R. B., Hossain, M. M.,
& Sujauddin, M. (2020). Context of tra-
ditional and co-management paradigms.
Journal of Tropical Forest Science,
32(1), 42-51. https://www.jstor.org/sta-
ble/26872818

Bagale, D., Sigdel, M., & Aryal, D. (2021).
Drought monitoring over Nepal for the
last four decades and its connection with
southern oscillation Index. Water, 13(23),
3411. https://doi.org/10.3390/W13233411

Baidya, S. K., Shrestha, M. L., & Sheikh, M.
M. (2008). Trends in daily climatic ex-
tremes of temperature and precipitation in
Nepal. Journal of Hydrology and Meteo-
rology, 5(1), 38-51.

Bajracharya, T. R., Acharya, S., & Ale, B. B.
(2011). Changing climatic parameters and
its possible impacts in hydropower gener-
ation in Nepal (A case study on Gandaki
river basin). Journal of the Institute of En-
gineering, 8(1-2), 160-173. https://doi.
org/10.3126/JIE.V811-2.5108

Band, S. S., Karami, H., Jeong, Y. W., Mos-
lemzadeh, M., Farzin, S., Chau, K. W.,
Bateni, S. M., & Mosavi, A. (2022).
Evaluation of time series models in
simulating different monthly scales of
drought index for improving their fore-
cast accuracy. Frontiers in Earth Sci-
ence, 10, 839527. https://doi.org/10.3389/
FEART.2022.839527

Baniya, B., Tang, Q., Huang, Z., Sun, S., &
Techato, K-a. (2018). Spatial and tem-
poral variation of NDVI in response to
climate change and the implication for
carbon dynamics in Nepal. Foresis, 9(6),
329.  https://doi.org/10.3390/F9060329

Bashit, N., Ristianti, N. S., & Ulfiana, D.
(2022). Drought assessment using re-
mote sensing and geographic information
systems (GIS) techniques (Case study:
Klaten district). International Journal of

Journal of Drought and Climate change Research (JDCR)

Summer 2024, Vol. 2, No. 6, pp 1-26

Bhattarai et al.

Geoinformatics, 18(5), 115-127. https://
doi.org/10.52939/ijg.v18i5.2393

Bayissa, Y.A. (2018). Developing an im-
pact-based combined drought index for
monitoring crop yield anomalies in the
Upper Blue Nile Basin (Dissertation).
Delft University of Technology.

Bernstein, L., Bosch, P., Canziani, O., Chen,
Z., & Christ, R. (2008). IPCC, 2007: AR4
climate change 2007: synthesis report.
http://www.ipcc.ch/publications _and
data/ar4/syr/en/contents.html

Bista, N., Mahat, D., Manandhar, S., Regmi,
B., Panday, U. S., & Karki, S. (2021).
Analyzing trend and pattern of agricul-
tural drought: A case study of Karnali and
Sudurpashchim provinces. Journal on
Geoinformatics, Nepal,20(1), 1-8. https://
doi.org/10.3126/NJG.V2011.39470

Brown M.E., & Funk, C.C. (2005). A max-
to-min technique for making projections
of NDVI change in semi-arid Africa for
food security early warning. In AGU Fall
Meeting Abstracts.

Central Bureau of Statistics (CBS). (2011).
Nepal living standards survey 2010/2011.
Kathmandu: Central Bureau of Statistics.

Chaulagain, N. P., Nepal, M. S., & Hohmey-
er, O. (2006). Impacts of climate change
on water resources of Nepal, the physical
and socioeconomic dimensions Gutachter
(Dissertation). Flensburg University.

Chen, B., Xu, G., Coops, N. C., Ciais, P,
Innes, J. L., Wang, G., Myneni, R. B.,
Wang, T., Krzyzanowski, J., Li, Q., Cao,
L., & Liu, Y. (2014). Changes in vegeta-
tion photosynthetic activity trends across
the Asia—Pacific region over the last three
decades. Remote Sensing of Environment,
144, 28-41. https://doi.org/10.1016/J.
RSE.2013.12.018

Chen, H., & Sun, J. (2015). Changes in drought
characteristics over China using the stan-
dardized precipitation evapotranspira-
tion index. Journal of Climate, 28(13),
5430-5447. https://doi.org/10.1175/JC-
LI-D-14-00707.1

Chbhetri, R., Kumar, P., Pandey, V. P., Singh, R.,


https://doi.org/10.1029/2019RG000683
https://doi.org/10.1029/2019RG000683
https://www.jstor.org/stable/26872818
https://www.jstor.org/stable/26872818
https://doi.org/10.3390/W13233411
https://doi.org/10.3126/JIE.V8I1-2.5108
https://doi.org/10.3126/JIE.V8I1-2.5108
https://doi.org/10.3389/FEART.2022.839527
https://doi.org/10.3389/FEART.2022.839527
https://doi.org/10.3390/F9060329
https://doi.org/10.52939/ijg.v18i5.2393
https://doi.org/10.52939/ijg.v18i5.2393
http://www.ipcc.ch/publications_and_data/ar4/syr/en/contents.html
http://www.ipcc.ch/publications_and_data/ar4/syr/en/contents.html
https://doi.org/10.3126/NJG.V20I1.39470
https://doi.org/10.3126/NJG.V20I1.39470
https://doi.org/10.1016/J.RSE.2013.12.018
https://doi.org/10.1016/J.RSE.2013.12.018
https://doi.org/10.1175/JCLI-D-14-00707.1
https://doi.org/10.1175/JCLI-D-14-00707.1

17  Evaluation of Drought in Gandaki River Basin, Nepal

& Pandey, S. (2020). Vulnerability assess-
ment of water resources in Hilly Region of
Nepal. Sustainable Water Resources Man-
agement, 2020.Springer, 6(3), 34. https://
doi.org/10.1007/s40899-020-00391-x

Ciais, P., Reichstein, M., Viovy, N., Granier,
A., Ogée, J., Allard, V., Aubinet, M.,
Buchmann, N., Bernhofer, C., Carrara, A.,
Chevallier, F., De Noblet, N., Friend, A.
D., Friedlingstein, P., Griinwald, T., Hei-
nesch, B., Keronen, P., Knohl, A., Krinner,
G., ... Valentini, R. (2005). Europe-wide
reduction in primary productivity caused
by the heat and drought in 2003. Na-
ture. 437(7058), 529-533. https://doi.
org/10.1038/nature03972

Cui, X., & Graf, H. F. (2009). Recent land cover
changes on the Tibetan Plateau: A review.
Climatic Change, 94(1-2), 47-61. https://
doi.org/10.1007/S10584-009-9556-8

Dahal, P., Shrestha, N. S., Shrestha, M. L.,
Krakauer, N. Y., Panthi, J., Pradhanang,
S. M., Jha, A., & Lakhankar, T. (2016).
Drought risk assessment in central Nepal:
temporal and spatial analysis. Natural
Hazards, 80(3), 1913-1932. https://doi.
org/10.1007/S11069-015-2055-5

Dandekhya, S., England, M., Ghate, R., Go-
odrich, C., Nepal, S., Prakash, A., & Udas,
P. (2017). The Gandaki basin: Maintain-
ing livelihoods in the face of landslides,
floods, and drought. In HI-AWARE Work-
ing Paper, 9.

Das, A. C., Shahriar, S. A., Chowdhury, M. A.,
Hossain, M. L., Mahmud, S., Tusar, M. K.,
Ahmed, R., & Salam, M. A. (2023). As-
sessment of remote sensing-based indices
for drought monitoring in the north-west-
ern region of Bangladesh. Heliyon, 9(2),
el3016. https://doi.org/10.1016/j.heli-
yon.2023.e13016

Dhakal, K., Silwal, S., & Khanal, G. (2010).
Assessment of climate change impacts on
water resources and vulnerability in hills
of Nepal. A Case Study on Dhare Khola
Watershed of Dhading District Submitted
to National Adaptation Program of Ac-
tion (NAPA) to Climate Change Ministry
of Environment, Government of Nepal.
https://www.climatenepal.org.np/sites/de-

fault/files/doc_resources/bshooe6hnfs_3.
pdf

Diego, R.T. , Martinez Izquierdo, M. E., Ar-
quero Hidalgo, A., & Sanchez Hernan-
dez, J. (2010). Drought estimation maps
by means multidate landsat fused images.
In: “30th EARSeL Symposium Remote
Sensing for Science, Education, and Nat-
ural and Cultural Heritage”, 31 May-03
Jun 2010, Paris, Francia. https://oa.upm.
es/34984/

Eckstein, D., Kiinzel, V., y & Schéfer, L. (2021).
The global climate risk index 2021. Bonn:
Germanwatch. Recuperado de. https://
bvearmb.do/handle/123456789/1306

Erdenetuya, M., Bulgan, D., & Erdenetset-
seg, B. (2010). Drought monitoring and
assessment using multi satellite data in
Mongolia. 32nd Asian Conference on Re-
mote Sensing, TSI-Climate Change.

Food and Agricultural Organization (FAO)
(2017). International Seminar on Drought
& Agriculture-Predict, Plan, Prepare: Stop
Drought Becoming Famine. https:/www.
fao.org/3/bs902e/bs902e.pdf.

Fensholt, R., Horion, S., Tagesson, T., Eham-
mer, A., Grogan, K., Tian, F., Huber, S.,
Verbesselt, J., Prince, S. D., Tucker, C. J.,
& Rasmussen, K. (2015). Assessing dri-
vers of vegetation changes in dry lands
from time series of earth observation
data. Remote Sensing and Digital Image
Processing, 22, 183-202. https://doi.
org/10.1007/978-3-319-15967-6_9

Gao, B. (1996). NDWI—A normalized dif-
ference water index for remote sensing
of vegetation liquid water from space.
Remote Sensing of Environment, 58(3),
257-266. https://doi.org/10.1016/S0034-
4257(96)00067-3

GAR. (2021). https://www.undrr.org/gar2021-
drought. Retrieved.

Gautam, D. K., & Regmi, S. K. (2013). Recent
trends in the onset and withdrawal of sum-
mer monsoon over Nepal. ECOPERSIA,
1(4), 353-367. http://ecopersia.modares.
ac.ir/article-24-11752-en.html

Gentle, P., & Maraseni, T. N. (2012). Cli-

Journal of Drought and Climate change Research (JDCR)

Summer 2024, Vol. 2, No. 6, pp 1-26


https://doi.org/10.1007/s40899-020-00391-x
https://doi.org/10.1007/s40899-020-00391-x
https://doi.org/10.1038/nature03972
https://doi.org/10.1038/nature03972
https://doi.org/10.1007/S10584-009-9556-8
https://doi.org/10.1007/S10584-009-9556-8
https://doi.org/10.1007/S11069-015-2055-5
https://doi.org/10.1007/S11069-015-2055-5
https://doi.org/10.1016/j.heliyon.2023.e13016
https://doi.org/10.1016/j.heliyon.2023.e13016
https://www.climatenepal.org.np/sites/default/files/doc_resources/bshooe6hnfs_3.pdf
https://www.climatenepal.org.np/sites/default/files/doc_resources/bshooe6hnfs_3.pdf
https://www.climatenepal.org.np/sites/default/files/doc_resources/bshooe6hnfs_3.pdf
https://oa.upm.es/34984/
https://oa.upm.es/34984/
https://bvearmb.do/handle/123456789/1306
https://bvearmb.do/handle/123456789/1306
https://www.fao.org/3/bs902e/bs902e.pdf
https://www.fao.org/3/bs902e/bs902e.pdf
https://doi.org/10.1007/978-3-319-15967-6_9
https://doi.org/10.1007/978-3-319-15967-6_9
https://doi.org/10.1016/S0034-4257(96)00067-3
https://doi.org/10.1016/S0034-4257(96)00067-3
https://www.undrr.org/gar2021-drought
https://www.undrr.org/gar2021-drought
http://ecopersia.modares.ac.ir/article-24-11752-en.html
http://ecopersia.modares.ac.ir/article-24-11752-en.html

mate change, poverty and livelihoods:
adaptation practices by rural mountain
communities in Nepal. Environmental
Science & Policy, 21, 24-34. https://doi.
org/10.1016/J.ENVSCI1.2012.03.007

Getahun, Y., Li, M., Chen, Y., & Yate, T.
(2023). Drought characterization and
severity analysis using GRACE-TWS
and MODIS datasets: a case study from
the Awash River Basin (ARB), Ethiopia.
Journal of Water and Climate Change,
14(2), 516-542. https://iwaponline.com/
jwcc/article-abstract/14/2/516/93369

Ghimire, P. (2019). A review of studies on cli-
mate change in Nepal. The Geographic
Base, 6, 11-20. https://doi.org/10.3126/
TGB.V610.26163

Gu, Y., Brown, J. F., Verdin, J. P, Wardlow,
B., Gu, Y., Brown, J. F,, Verdin, J. P., &
Wardlow, B. (2007). A five-year analysis
of MODIS NDVI and NDWTI for grass-
land drought assessment over the central
Great Plains of the United States. Geo-
physical Research Letters, 34(6). https://
doi.org/10.1029/2006GL029127

Guha-Sapir, D., Hoyois, P., Wallemacq, P., &
Below, R. (2017). Annual disaster sta-
tistical review 2016: the numbers and
trends.  https://www.preventionweb.net/
publication/annual-disaster-statistical-re-
view-2016-numbers-and-trends. Retired
date.

Gulacsi, A., & Kovacs, F. (2018). Drought
monitoring of forest vegetation using MO-
DIS-based normalized difference drought
index in Hungary. Hungarian Geograph-
ical Bulletin, 67(1), 29-42. https://doi.
org/10.15201/HUNGEOBULL.67.1.3

Gurung, G. B., & Bhandari, D. (2009). Inte-
grated approach to climate change adap-
tation. Journal of Forest and Livelihood,
8(1), 90-98. https://nepjol.info/index.
php/JFL/article/view/1889

Hagman, G., Beer, H., Bendz, M., & Wijkman,
A. (1984). Prevention better than cure.
Report On Human And Environmental
Disasters In The Third World. https://ko-
hahq.searo.who.int/cgi-bin/koha/opac-de-
tail.pl?biblionumber=1479

Journal of Drought and Climate change Research (JDCR)

Summer 2024, Vol. 2, No. 6, pp 1-26

Bhattarai et al.

Haile, T. (1988). Causes and characteristics of
drought in Ethiopia. Ethiopian Journal of
Agricultural Sciences, 10 (1-2), 85-97.

Haitham, A., Supervisor, B., Karoly, P., &
Janos, R. (2021). Drought vulnerability
and mitigation measures in Jordan based
on spatio-temporal assessment of single
and composite meteorological drought
indices; [PHD dissertation]. Szeged, Uni-
versity of Szeged.

Hamal, K., Sharma, S., Baniya, B., Khadka,
N., & Zhou, X. (2020). Inter-annual vari-
ability of winter precipitation over Nepal
coupled with ocean-atmospheric patterns
during 1987-2015. Frontiers in Earth Sci-
ence, 8, 511095. https://doi.org/10.3389/
FEART.2020.00161

Hisdal, H., Tallaksen, L., Peters, E., Stahl, K.,
& Zaidman, M. (2000). Assessment of
regional impact of droughts in Europe
(ARIDE). Technical Rep, 6, 15.

Hofste, R., Reig, P., & Schleifer, L. (2019).
17 countries, home to one-quarter of
the world’s population, face extremely
high water stress. https://www.wri.org/
insights/17-countries-home-one-quarter-
worlds-population-face-extremely-high-
water-stress.

Hossain, M. L., & Li, J. (2021). Biomass par-
titioning of C3- and C4-dominated grass-
lands in response to climatic variability
and climate extremes. Environmental Re-
search Letters, 16(7), 074016. https://doi.
org/10.1088/1748-9326/AC027A

Hossain, M. L., Li, J., Hoffmann, S., & Bei-
erkuhnlein, C. (2022). Biodiversity
showed positive effects on resistance but
mixed effects on resilience to climatic
extremes in a long-term grassland exper-
iment. Science of the Total Environment,
827, 154322. https://doi.org/10.1016/J.
SCITOTENV.2022.154322

Ichii, K., Kawabata, A., & Yamaguchi, Y. (2002).
Global correlation analysis for NDVI
and climatic variables and NDVI trends:
1982-1990. International Journal of Re-
mote Sensing, 23(18), 3873-3878. https://
doi.org/10.1080/01431160110119416

Intergovernmental Panel on Climate Change

18


https://doi.org/10.1016/J.ENVSCI.2012.03.007
https://doi.org/10.1016/J.ENVSCI.2012.03.007
https://iwaponline.com/jwcc/article-abstract/14/2/516/93369
https://iwaponline.com/jwcc/article-abstract/14/2/516/93369
https://doi.org/10.3126/TGB.V6I0.26163
https://doi.org/10.3126/TGB.V6I0.26163
https://doi.org/10.1029/2006GL029127
https://doi.org/10.1029/2006GL029127
https://www.preventionweb.net/publication/annual-disaster-statistical-review-2016-numbers-and-trends
https://www.preventionweb.net/publication/annual-disaster-statistical-review-2016-numbers-and-trends
https://www.preventionweb.net/publication/annual-disaster-statistical-review-2016-numbers-and-trends
https://doi.org/10.15201/HUNGEOBULL.67.1.3
https://doi.org/10.15201/HUNGEOBULL.67.1.3
https://nepjol.info/index.php/JFL/article/view/1889
https://nepjol.info/index.php/JFL/article/view/1889
https://kohahq.searo.who.int/cgi-bin/koha/opac-detail.pl?biblionumber=1479
https://kohahq.searo.who.int/cgi-bin/koha/opac-detail.pl?biblionumber=1479
https://kohahq.searo.who.int/cgi-bin/koha/opac-detail.pl?biblionumber=1479
https://doi.org/10.3389/FEART.2020.00161
https://doi.org/10.3389/FEART.2020.00161
https://doi.org/10.1088/1748-9326/AC027A
https://doi.org/10.1088/1748-9326/AC027A
https://doi.org/10.1016/J.SCITOTENV.2022.154322
https://doi.org/10.1016/J.SCITOTENV.2022.154322
https://doi.org/10.1080/01431160110119416
https://doi.org/10.1080/01431160110119416

19  Evaluation of Drought in Gandaki River Basin, Nepal

(IPCC). (2023). Climate change 2021-the
physical science basis: working group I
contribution to the Sixth assessment report
of the intergovernmental panel on climate
change. Cambridge: Cambridge Univer-
sity Press. Doi: 10.1017/9781009157896

Isbell, F., Craven, D., Connolly, J., Loreau, M.,
Schmid, B., Beierkuhnlein, C., Bezemer,
T. M., Bonin, C., Bruelheide, H., De Luca,
E., Ebeling, A., Griffin, J. N., Guo, Q.,
Hautier, Y., Hector, A., Jentsch, A., Krey-
ling, J., Lanta, V., Manning, P., ... Eisen-
hauer, N. (2015). Biodiversity increases
the resistance of ecosystem productivity
to climate extremes. Nature, 526(7574),
574-577. https://doi.org/10.1038/NA-
TURE15374

Jonathan, K. H., & Suvarna Raju, P. (2017).
Temperature variations in three regions
of sultanate of Oman. International Jour-

nal of Civil Engineering and Technology,
8(2), 173-181.

Jordaan, A., Bahta, Y. T., & Phatudi-Mphahlele,
B. (2019). Ecological vulnerability in-
dicators to drought: Case of communal
farmers in Eastern Cape, South Africa.
Jamba: Journal of Disaster Risk Studies,
11(1). https://doi.org/10.4102/JAMBA.
V1111.591

Joshi, N., & Dongol, R. (2018). Severity of cli-
mate induced drought and its impact on
migration: A study of Ramechhap district,
Nepal. Tropical Agricultural Research,
29(2), 194-211.

Kafy, A. Al, Rahman, M. S., Faisal, A. Al,
Hasan, M. M., & Islam, M. (2020). Mod-
elling future land use land cover changes
and their impacts on land surface tem-
peratures in Rajshahi, Bangladesh. Re-
mote Sensing Applications: Society and
Environment, 18, 100314. https://doi.
org/10.1016/J.RSASE.2020.100314

Kahya C, BektasBalcik F, BurakOztan-
er Y, Guney B. (2016). Determining
land surface temperature relations with
land use-land cover and air pollution.
Geophysical Research Abstracts, 18,
EGU2016-16489.  https://ui.adsabs.har-
vard.edu/abs/2016EGUGA..1816489K/
abstract

Kawabata, A., Ichii, K., & Yamaguchi, Y.
(2001). Global monitoring of internal
changes in vegetation activities using
NDVI and its relationships to temperature
and precipitation. International Journal
of Remote Sensing, 22(7), 1377-1382.
https://doi.org/10.1080/01431160119381

Khan, A.A, & Safdar, Q., & Khan, K. (2020).
Occurrence pattern of meteorological
droughts and associated problems in Cho-
listan region of Pakistan: A spatio-tempo-
ral view. Basic Research Journal of Agri-
cultural Science and Review, 8(3). 38-51.

Khatiwada, K. R., & Pandey, V. P. (2019).
Characterization of hydro-meteorolog-
ical drought in Nepal Himalaya: A case
of Karnali River Basin. Weather and Cli-
mate Extremes, 26, 100239. https://doi.
org/10.1016/J.WACE.2019.100239

Leng, G., Tang, Q., & Rayburg, S. (2015). Cli-
mate change impacts on meteorological,
agricultural and hydrological droughts
in China. Global and Planetary Change,
126, 23-34. https://doi.org/10.1016/J.
GLOPLACHA.2015.01.003

Liu, W. C., Bravo De Guenni, L., Lee, H.,
Tsun, J., Yang, H., Ndayiragije, J. M., &
Li, F. (2022). Effectiveness of drought in-
dices in the assessment of different types
of droughts, managing and mitigating
their effects. Climate, 10(9), 125. https://
doi.org/10.3390/CLI10090125

Liu, X., Wang, S., Zhou, Y., Wang, F., Li, W,
& Liu, W. (2015). Regionalization and
spatiotemporal variation of drought in
China based on standardized precipitation
evapotranspiration index (1961-2013).
Advances in Meteorology. https://doi.
org/10.1155/2015/950262

Lotfirad, M., Esmaeili-Gisavandani, H., &
Adib, A. (2022). Drought monitoring and
prediction using SPI, SPEI, and random
forest model in various climates of Iran.
Journal of Water and Climate Change,
13(2), 383-406. https://doi.org/10.2166/
WCC.2021.287

Luintel, N,. Ma W., Ma Y, Wang B., & Subba,
S. (2019). Spatial and temporal variation
of daytime and nighttime MODIS land

Journal of Drought and Climate change Research (JDCR)

Summer 2024, Vol. 2, No. 6, pp 1-26


https://doi.org/10.1038/NATURE15374
https://doi.org/10.1038/NATURE15374
https://doi.org/10.4102/JAMBA.V11I1.591
https://doi.org/10.4102/JAMBA.V11I1.591
https://doi.org/10.1016/J.RSASE.2020.100314
https://doi.org/10.1016/J.RSASE.2020.100314
https://ui.adsabs.harvard.edu/abs/2016EGUGA..1816489K/abstract
https://ui.adsabs.harvard.edu/abs/2016EGUGA..1816489K/abstract
https://ui.adsabs.harvard.edu/abs/2016EGUGA..1816489K/abstract
https://doi.org/10.1080/01431160119381
https://doi.org/10.1016/J.WACE.2019.100239
https://doi.org/10.1016/J.WACE.2019.100239
https://doi.org/10.1016/J.GLOPLACHA.2015.01.003
https://doi.org/10.1016/J.GLOPLACHA.2015.01.003
https://doi.org/10.3390/CLI10090125
https://doi.org/10.3390/CLI10090125
https://doi.org/10.1155/2015/950262
https://doi.org/10.1155/2015/950262
https://doi.org/10.2166/WCC.2021.287
https://doi.org/10.2166/WCC.2021.287

surface temperature across Nepal. At-
mospheric and Oceanic Science Letters,
12(5), 305-312. https://doi.org/10.1080/1
6742834.2019.1625701

Maharjan, A., Kochhar, 1., Chitale, V. S,
Hussain, A., & Gioli, G. (2020). Under-
standing rural outmigration and agri-
cultural land use change in the Gandaki
Basin, Nepal. Applied Geography, 124,
102278. https://doi.org/10.1016/J.AP-
GEO0G.2020.102278

Maillard, O., Vides-Almonacid, R., Salazar,
A., & Larrea-Alcazar, D. M. (2022). Ef-
fect of deforestation on land surface tem-
perature in the Chiquitania Region, Boliv-
ia. Land, 12(1), 2. https://doi.org/10.3390/
LANDI12010002

Mallick, D., Abbasi, S., Ali, M., Anwar, M.,
Batool, S., Bhadwal, S., & Varma, N.
(2019). Participatory assessment of mul-
tiple socio-economic drivers and climate
stresses leading to differentiated vulnera-
bilities in the Hindu Kush Himalaya; HI-
AWARE Working Paper 24.

Mao, K. B., Ma, Y., Tan, X. L., Shen, X. Y.,
Liu, G., Li, Z. L., Chen, J. M., & Xia,
L. (2017). Global surface temperature
change analysis based on MODIS data in
recent twelve years. Advances in Space
Research, 59(2), 503-512. https://doi.
org/10.1016/J.ASR.2016.11.007

Mastny, L. (2000). Melting of earth’s ice cov-
er reaches new high | HimalDoc. 2000.
https://lib.icimod.org/record/10441

McFeeters, S. K. (1996). The use of the Nor-
malized Difference Water Index (NDWI)
in the delineation of open water fea-
tures. International Journal of Remote
Sensing, 17(7), 1425-1432. https://doi.
org/10.1080/01431169608948714

McKee, T.B., Doesken, N.J.,, & Kleist, J.
(1993). The relationship of drought fre-
quency and duration to time scales. In
Proceedings of the 8th Conference on Ap-
plied Climatology.

Mehta, D. J., & Yadav, S. M. (2023). Me-
teorological drought analysis in Pali dis-
trict of Rajasthan state using standard
precipitation index. International Jour-

Journal of Drought and Climate change Research (JDCR)

Summer 2024, Vol. 2, No. 6, pp 1-26

Bhattarai et al.

nal of Hydrology Science and Technol-
ogy, 15(1), 1. https://doi.org/10.1504/
[JHST.2023.127880

Mehta, R. K., & Shah, S. C. (2012). Impact
of climate change on water availability
and food security of Nepal. Hydro Ne-
pal: Journal of Water, Energy and Envi-
ronment, 59-63. https://doi.org/10.3126/
HN.VI1111.7206

Mirza, M. M. Q. (2003). Climate change and
extreme weather events: Can develop-
ing countries adapt? Climate Policy,
3(3), 233-248. https://doi.org/10.3763/
CPOL.2003.0330

Mishra, N. B., & Mainali, K. P. (2017). Green-
ing and browning of the Himalaya: Spa-
tial patterns and the role of climatic
change and human drivers. Science of
the Total Environment, 587-588, 326—
339.  https://doi.org/10.1016/J.SCITO-
TENV.2017.02.156

Miyan, M. A. (2015). Droughts in Asian least
developed countries: Vulnerability and
sustainability. Weather and Climate Ex-
tremes, 7, 8-23. https://doi.org/10.1016/J.
WACE.2014.06.003

MOHA. (2009). National strategy for disas-
ter risk management. https://www.fao.
org/faolex/results/details/en/c/LEX-FA-
0C143046.

Mohammed, Y., Yimer, F., Tadesse, M., & Tes-
faye, K. (2018). Meteorological drought
assessment in north east highlands of
Ethiopia. International Journal of Climate
Change Strategies and Management,
10(1), 142-160. https://doi.org/10.1108/
[JCCSM-12-2016-0179

Mongkolsawat C, Wattanakij N, Kamchai T,
Mongkolsawat K, Chuyakhai D. (2009).
Exploration of spatio-temporal drought
patterns using satellite-derived indices for
crop management in Northeastern Thai-
land. In Proceedings of the 30th Asian
Conference on Remote Sensing China.

Mool, P., Tao, C., & Bajracharya, S.R. (2004).
Monitoring of glaciers and glacial lakes
from 1970s to 2000 in Poiqu basin, Tibet.
Autonomous Region PR China by ICI-
MOD, Kathmandu, Nepal

20


https://doi.org/10.1080/16742834.2019.1625701
https://doi.org/10.1080/16742834.2019.1625701
https://doi.org/10.1016/J.APGEOG.2020.102278
https://doi.org/10.1016/J.APGEOG.2020.102278
https://doi.org/10.3390/LAND12010002
https://doi.org/10.3390/LAND12010002
https://doi.org/10.1016/J.ASR.2016.11.007
https://doi.org/10.1016/J.ASR.2016.11.007
https://lib.icimod.org/record/10441
https://doi.org/10.1080/01431169608948714
https://doi.org/10.1080/01431169608948714
https://doi.org/10.1504/IJHST.2023.127880
https://doi.org/10.1504/IJHST.2023.127880
https://doi.org/10.3126/HN.V11I1.7206
https://doi.org/10.3126/HN.V11I1.7206
https://doi.org/10.3763/CPOL.2003.0330
https://doi.org/10.3763/CPOL.2003.0330
https://doi.org/10.1016/J.SCITOTENV.2017.02.156
https://doi.org/10.1016/J.SCITOTENV.2017.02.156
https://doi.org/10.1016/J.WACE.2014.06.003
https://doi.org/10.1016/J.WACE.2014.06.003
https://www.fao.org/faolex/results/details/en/c/LEX-FAOC143046
https://www.fao.org/faolex/results/details/en/c/LEX-FAOC143046
https://www.fao.org/faolex/results/details/en/c/LEX-FAOC143046
https://doi.org/10.1108/IJCCSM-12-2016-0179
https://doi.org/10.1108/IJCCSM-12-2016-0179

21

Evaluation of Drought in Gandaki River Basin, Nepal

Nagendra, H., Sudhira, H. S., Katti, M., &
Schewenius, M. (2013). Sub-regional as-
sessment of India: Effects of urbanization
on land use, biodiversity and ecosystem
services. Urbanization, Biodiversity and
Ecosystem Services: Challenges and Op-
portunities: A Global Assessment, 65—74.
https://doi.org/10.1007/978-94-007-
7088-1 6

Natarajan, N., & Vasudevan, M. (2020). Trend
analysis of meteorological parameters
of Adelaide, South Australia. Environ-
ment Asia, 13(3), 103—117. https://doi.
org/10.14456/EA.2020.46

Natarajan, N., Vasudevan, M., Raja, S. A., Mo-
hanpradaap, K., Sneha, G., & Shanu, S.
J. (2023). An assessment methodology for
drought severity and vulnerability using
precipitation-based indices for the arid,
semi-arid and humid districts of Tamil
Nadu, India. Water Supply, 23(1), 54-79.
https://doi.org/10.2166/WS.2022.415

Ndayiragije, J. M., & Li, F. (2022). Effective-
ness of Drought Indices in the Assessment
of Different Types of Droughts, Managing
and Mitigating Their Effects. https://doi.
org/10.3390/cli10090125

Nepal, S., Tripathi, S., & Adhikari, H. (2021).
Geospatial approach to the risk assessment
of climate-induced disasters (drought and
erosion) and impacts on out-migration in
Nepal. International Journal of Disaster
Risk Reduction, 59, 102241. https://doi.
org/10.1016/J.1JDRR.2021.102241

Nicholson, S. E., Tucker, C. J.,, & Ba, M.
B. (1998). Desertification, drought,
and surface vegetation: An example
from the west African Sahel. Bulle-
tin of the American Meteorological
Society, 79(5), 815-830. https://doi.
g/10.1175/1520-0477(1998)079<0815:D-
DASVA>2.0.CO;20rimoloye, 1. R., Maz-
inyo, S. P, Nel, W., & Kalumba, A. M.
(2018). Spatiotemporal monitoring of land
surface temperature and estimated radia-
tion using remote sensing: human health
implications for East London, South Afri-
ca. Environmental Earth Sciences, 77(3),
1-10.  https://doi.org/10.1007/S12665-
018-7252-6

Orimoloye, 1. R., Ololade, O. O., Mazinyo,
S. P, Kalumba, A. M., Ekundayo, O. Y.,
Busayo, E. T., Akinsanola, A. A., & Nel,
W. (2019). Spatial assessment of drought
severity in Cape Town area, South Afri-
ca. Heliyon, 5(7), ¢02148. https://doi.
org/10.1016/j.heliyon.2019.e02148

Ouyang, X., Chen, D., Feng, Y., & Lei, Y.
(2019). Comparison of seasonal surface
temperature trend, spatial variability, and
elevation dependency from satellite-de-
rived products and numerical simulations
over the Tibetan Plateau from 2003 to
2011. International Journal of Remote
Sensing, 40(5-6), 1844—1857. https://doi.
org/10.1080/01431161.2018.1482024

Palmer, W. C. (1968). Keeping Track of Crop
Moisture Conditions, Nationwide: The
new crop moisture Index. Weatherwise,
21(4), 156-161. https://doi.org/10.1080/0
0431672.1968.9932814

Paniagua, M. T., Villalba, J., and Pasten, M.
(2020).  Spatial-temporal  distribution
of drought in the western region of Par-
aguay (2005-2017), Int. Arch. Photo-
gram. Remote Sens. Spatial Inf. Sci.,
XLII-3/W12-2020, 327-330, https:/
doi.org/10.5194/isprs-archives-XLII-
3-W12-2020-327-2020

Pant, R. R., Zhang, F., Rehman, F. U., Wang,
G., Ye, M., Zeng, C., & Tang, H. (2018).
Spatiotemporal variations of hydrogeo-
chemistry and its controlling factors in
the Gandaki River Basin, Central Hima-
laya Nepal. Science of the Total Envi-
ronment, 622—623, 770-782. https://doi.
org/10.1016/J.SCITOTENV.2017.12.063

Panthi, J., Dahal, P., Shrestha, M. L., Aryal,
S., Krakauer, N. Y., Pradhanang, S. M.,
Lakhankar, T., Jha, A. K., Sharma, M.,
& Karki, R. (2015). Spatial and temporal
variability of rainfall in the Gandaki river
basin of Nepal Himalaya. Climate 2015,
Vol. 3, Pages 210-226, 3(1), 210-226.
https://doi.org/10.3390/CLI3010210

Park, S., Im, J., Jang, E., & Rhee, J. (2016).
Drought assessment and monitoring
through blending of multi-sensor indi-
ces using machine learning approach-
es for different climate regions. Agri-

Journal of Drought and Climate change Research (JDCR)

Summer 2024, Vol. 2, No. 6, pp 1-26


https://doi.org/10.1007/978-94-007-7088-1_6
https://doi.org/10.1007/978-94-007-7088-1_6
https://doi.org/10.2166/WS.2022.415
https://doi.org/10.3390/cli10090125
https://doi.org/10.3390/cli10090125
https://doi.org/10.1016/J.IJDRR.2021.102241
https://doi.org/10.1016/J.IJDRR.2021.102241
https://doi.org/10.1007/S12665-018-7252-6
https://doi.org/10.1007/S12665-018-7252-6
https://doi.org/10.1016/j.heliyon.2019.e02148
https://doi.org/10.1016/j.heliyon.2019.e02148
https://doi.org/10.1080/01431161.2018.1482024
https://doi.org/10.1080/01431161.2018.1482024
https://doi.org/10.1080/00431672.1968.9932814
https://doi.org/10.1080/00431672.1968.9932814
https://doi.org/10.5194/isprs-archives-XLII-3-W12-2020-327-2020
https://doi.org/10.5194/isprs-archives-XLII-3-W12-2020-327-2020
https://doi.org/10.5194/isprs-archives-XLII-3-W12-2020-327-2020
https://doi.org/10.1016/J.SCITOTENV.2017.12.063
https://doi.org/10.1016/J.SCITOTENV.2017.12.063
https://doi.org/10.3390/CLI3010210

cultural and Forest Meteorology, 216,
157-169. https://doi.org/10.1016/J.AGR-
FORMET.2015.10.011

Paudel, B., Wang, Z., Zhang, Y., Rai, M. K,,
& Paul, P. K. (2021). Climate change
and its impacts on farmer’s livelihood
in different physiographic regions of the
Trans-Boundary Koshi river basin, Cen-
tral Himalayas. International Journal
of Environmental Research and Pub-
lic Health, 18(13), 7142. https://doi.
org/10.3390/1IJERPH18137142

Qin, J.,, Yang, K., Liang, S., & Guo, X. (2009).
The altitudinal dependence of recent rapid
warming over the Tibetan Plateau. Cli-
matic Change, 97(1), 321-327. https://
doi.org/10.1007/S10584-009-9733-9

Radmanesh, F., Esmaeili-Gisavandani, H.,
& Lotfirad, M. (2022). Climate change
impacts on the shrinkage of Lake Ur-
mia. Journal of Water and Climate
Change, 13(6), 2255-2277. https://doi.
org/10.2166/WCC.2022.300

Rahaman, K. M., Ahmed, F. R. S., & Nazrul
Islam, M. (2016). Modeling on climate
induced drought of north-western region,
Bangladesh. Modeling Earth Systems
and Environment, 2(1), 1-21. https://doi.
org/10.1007/S40808-016-0089-7

Rai, R., Zhang, Y., Paudel, B., Acharya, B. K.,
& Basnet, L. (2018). Land use and land
cover dynamics and assessing the ecosys-
tem service values in the Trans-Bound-
ary Gandaki river basin, Central Himala-
yas. Sustainability, 10(9), 3052. https://
doi.org/10.3390/SU10093052

Rai, R., Zhang, Y., Paudel, B., Li, S., & Kha-
nal, N. R. (2017). A synthesis of studies on
land use and land cover dynamics during
19302015 in Bangladesh. Susitainabili-
ty, 9(10), 1866. https://doi.org/10.3390/
SU9101866

Ramachandraiah, C., & Prasad, S. (2004).
Impact of urban growth on water bod-
ies: The case of Hyderabad. Hyderabad:
Centre for Economic and Social Studies.
Working Paper no. 60. Center for Eco-
nomic and Social Studies Begumpet, Hy-
derabad-500016. https://core.ac.uk/down-

Journal of Drought and Climate change Research (JDCR)

Summer 2024, Vol. 2, No. 6, pp 1-26

Bhattarai et al.

load/pdf/6604874.pdf.

Rebetez, M. (1996). Seasonal relationship
between temperature, precipitation and
sSnow cover in a mountainous region.
Theoretical and Applied Climatology,
54(3-4), 99-106. https://doi.org/10.1007/
BF00865152

Regmi, B.R., Pandit, A. (2016). Classification
of adaptation measures and criteria for
evaluation: Case studies in the Gandaki
river basin, Nepal. HI-AWARE Work-
ing Paper 6. Kathmandu: HI-AWARE.
file:///C:/Users/User/Downloads/
Hi-AwareWP6.pdf

Rouse, J. W., Haas, R. H., Schell, J., & Deer-
ing, D. (1974). Monitoring vegetation
systems in the Great Plains with ERTS.
NASA Spec. Publ1974:351(1):309.

Sahana, V., Mondal, A., & Sreekumar, P.
(2021). Drought vulnerability and risk as-
sessment in India: Sensitivity analysis and
comparison of aggregation techniques.
Journal of Environmental Management,
299, 113689. https://doi.org/10.1016/J.
JENVMAN.2021.113689

Sangita, D., & Dulal, G. (2021). Satellite
mapping of land use land cover (LULC)
changes and NDVT in the Subansiri river
basin of eastern Himalayas and the Alak-
nanda river basin of western Himalayas:
A comparative study based on spatial
analysis. Research Journal of Chemisiry
and Environment, 25(7).

Sayari, N., Bannayan, M., Alizadeh, A., & Far-
id, A. (2013). Using drought indices to
assess climate change impacts on drought
conditions in the northeast of Iran (case
study: Kashafrood basin). Meteorological
Applications, 20(1), 115-127. https://doi.
org/10.1002/MET.1347

Seto, K. C. (2011). Exploring the dynamics
of migration to mega-delta cities in Asia
and Africa: Contemporary drivers and
future scenarios. Global Environmen-
tal Change, 21(SUPPL. 1), S94-S107.
https://doi.org/10.1016/J.GLOENV-
CHA.2011.08.005

Shamshirband, S., Hashemi, S., Salimi, H., Sa-
madianfard, S., Asadi, E., Shadkani, S.,

22


https://doi.org/10.1016/J.AGRFORMET.2015.10.011
https://doi.org/10.1016/J.AGRFORMET.2015.10.011
https://doi.org/10.3390/IJERPH18137142
https://doi.org/10.3390/IJERPH18137142
https://doi.org/10.1007/S10584-009-9733-9
https://doi.org/10.1007/S10584-009-9733-9
https://doi.org/10.2166/WCC.2022.300
https://doi.org/10.2166/WCC.2022.300
https://doi.org/10.1007/S40808-016-0089-7
https://doi.org/10.1007/S40808-016-0089-7
https://doi.org/10.3390/SU10093052
https://doi.org/10.3390/SU10093052
https://doi.org/10.3390/SU9101866
https://doi.org/10.3390/SU9101866
https://core.ac.uk/download/pdf/6604874.pdf
https://core.ac.uk/download/pdf/6604874.pdf
https://doi.org/10.1007/BF00865152
https://doi.org/10.1007/BF00865152
file:///C:/Users/User/Downloads/Hi-AwareWP6.pdf
file:///C:/Users/User/Downloads/Hi-AwareWP6.pdf
https://doi.org/10.1016/J.JENVMAN.2021.113689
https://doi.org/10.1016/J.JENVMAN.2021.113689
https://doi.org/10.1002/MET.1347
https://doi.org/10.1002/MET.1347
https://doi.org/10.1016/J.GLOENVCHA.2011.08.005
https://doi.org/10.1016/J.GLOENVCHA.2011.08.005

23

Evaluation of Drought in Gandaki River Basin, Nepal

Kargar, K., Mosavi, A., Nabipour, N., &
Chau, K. W. (2020). Predicting standard-
ized stream flow index for hydrological
drought using machine learning models.
Engineering Applications of Computa-
tional Fluid Mechanics, 14(1), 339-350.
https://doi.org/10.1080/19942060.2020.1
715844

Sharma, S., Khadka, N., Hamal, K., Shrestha,
D., Talchabhadel, R., & Chen, Y. (2020).
How accurately can satellite products
(TMPA and IMERG) detect precipitation
patterns, extremities, and drought across
the Nepalese Himalaya? Earth and Space
Science, 7(8), e2020EA001315. https://
doi.org/10.1029/2020EA001315

Shrestha, A. B., Wake, C. P., Mayewski, P.A., &
Dibb, J. E. (1999). Maximum temperature
trends in the Himalaya and its vicinity:
An analysis based on temperature records
from Nepal for the period 1971-94. Jour-
nal of Climate, 12(9), 2775-2786. https://
doi.org/10.1175/1520-0442(1999)012

Shrestha, M. S., Artan, G. A., Bajracharya, S.
R., Gautam, D. K., & Tokar, S. A. (2011).
Bias-adjusted satellite-based rainfall esti-
mates for predicting floods: Narayani Ba-
sin. Journal of Flood Risk Management,
4(4), 360-373. https://doi.org/10.1111/
J.1753-318X.2011.01121.X

Shrestha, R. M., & Shrestha, R. M. (2020).
Drought or wet assessment of daily rain-
fall pattern of the Budhi Gandaki river
basin, Nepal: Standardized precipitation
index approach using probabilistic model.
Nepalese Journal of Statistics, 4, 57-72.
https://doi.org/10.3126/NJS.V410.33497

Shrestha, R. M., Sthapit, A. B., & Shrestha, S.
L. (2018). A Probabilistic approach for as-
sessment of future drought in Bagmati riv-
er basin, Nepal. Nepalese Journal of Sta-
tistics, 2, 75-88. https://doi.org/10.3126/
NJS.V2I0.21156

Sigdel, K. P., Ghimire, N. P., Pandeya, B., &
Dawadi, B. (2022). Historical and pro-
jected variations of precipitation and tem-
perature and their extremes in relation to
climatic indices over the Gandaki river
basin, Central Himalaya. Atmosphere,
13(11), 1866. https://doi.org/10.3390/AT-

MOS13111866

Sigdel, M., Ikeda, M., & Ikeda, & M. (2010).
Spatial and temporal analysis of drought
in Nepal using Standardized Precipita-
tion Index and its relationship with cli-
mate indices. Journal of Hydrology and
Meteorology, 7(1), 59-74. https://doi.
org/10.3126/JHM.V711.5617

Sultana, M. S., Gazi, M. Y., & Mia, M. B.
(2021). Multiple indices based agricultur-
al drought assessment in the northwest-
ern part of Bangladesh using geospatial
techniques. Environmental Challenges,
4, 100120. https://doi.org/10.1016/J.
ENVC.2021.100120

Suryabhagavan, K. V. (2017). GIS-based
climate variability and drought char-
acterization in Ethiopia over three de-
cades. Weather and Climate Extremes,
15, 11-23.  https://doi.org/10.1016/J.
WACE.2016.11.005

Tang, Q., Gao, H., Lu, H., & Lettenmaier, D. P.
(2009). Remote sensing: hydrology. Phys-
ical Geography 33(4), 490-509. https://
doi.org/10.1177/0309133309346650

Tang, X. ling, Lv, X., & He, Y. (2013). Fea-
tures of climate change and their effects
on glacier snow melting in Xinjiang,
China. Comptes Rendus Geoscience,
345(2), 93—-100. https://doi.org/10.1016/J.
CRTE.2013.01.005

Tavazohi, E., & Nadoushan, M. A. (2018). As-
sessment of Drought in the Zayandehroud
Basin during 2000-2015 Using NDDI and
SPI Indices. Fresenius Environmental
Bulletin, 277(4), 2332-2340.

Tripathi, S., Subedi, R., & Adhikari, H. (2020).
Forest cover change pattern after the inter-
vention of community forestry manage-
ment system in the Mid-Hill of Nepal: A
case study. Remote Sensing, 12(17), 2756.
https://doi.org/10.3390/RS12172756

Turral, H., Burke, J., & Faur¢s, J. (2011). Cli-
mate change, water and food security.
https://www.fao.org/3/i2096¢/12096e.pdf.

UNCCD. (2022). Drought in numbers 2022
- Restoration for readiness and resil-
ience. https://reliefweb.int/report/world/

Journal of Drought and Climate change Research (JDCR)

Summer 2024, Vol. 2, No. 6, pp 1-26


https://doi.org/10.1080/19942060.2020.1715844
https://doi.org/10.1080/19942060.2020.1715844
https://doi.org/10.1029/2020EA001315
https://doi.org/10.1029/2020EA001315
https://doi.org/10.1175/1520-0442(1999)012
https://doi.org/10.1175/1520-0442(1999)012
https://doi.org/10.1111/J.1753-318X.2011.01121.X
https://doi.org/10.1111/J.1753-318X.2011.01121.X
https://doi.org/10.3126/NJS.V4I0.33497
https://doi.org/10.3126/NJS.V2I0.21156
https://doi.org/10.3126/NJS.V2I0.21156
https://doi.org/10.3390/ATMOS13111866
https://doi.org/10.3390/ATMOS13111866
https://doi.org/10.3126/JHM.V7I1.5617
https://doi.org/10.3126/JHM.V7I1.5617
https://doi.org/10.1016/J.ENVC.2021.100120
https://doi.org/10.1016/J.ENVC.2021.100120
https://doi.org/10.1016/J.WACE.2016.11.005
https://doi.org/10.1016/J.WACE.2016.11.005
https://doi.org/10.1177/0309133309346650
https://doi.org/10.1177/0309133309346650
https://doi.org/10.1016/J.CRTE.2013.01.005
https://doi.org/10.1016/J.CRTE.2013.01.005
https://doi.org/10.3390/RS12172756
https://www.fao.org/3/i2096e/i2096e.pdf
https://reliefweb.int/report/world/drought-numbers-2022-restoration-readiness-and-resilience

drought-numbers-2022-restoration-readi-
ness-and-resilience.

UN-Water. (2021). Water scarcity. https:/
www.unwater.org/water-facts/water-scar-
city.

Vaglietti, G., Delacote, P., & Leblois, A.
(2022). Droughts and deforestation: Does
seasonality matter? PLOS ONE, 17(10),
€0276667. https://doi.org/10.1371/JOUR-
NAL.PONE.0276667

Van Vliet, M. T. H., Sheffield, J., Wiberg, D.,
& Wood, E. F. (2016). Impacts of recent
drought and warm years on water re-
sources and electricity supply worldwide.
Environmental Research Letters, 11(12),
124021.  https://doi.org/10.1088/1748-
9326/11/12/124021

Vicente-Serrano, S. M., Begueria, S., &
Lépez-Moreno, J. 1. (2010). A multi-
scalar drought index sensitive to global
warming: The standardized precipita-
tion evapotranspiration index. Journal of
Climate, 23(7), 1696-1718. https://doi.
org/10.1175/2009JCLI12909.1

Vohra, C. P. (1981). Note on recent glaciologi-
cal expeditions in Himachal Pradesh. Note
on Recent Glaciological Expeditions in
Himachal Pradesh, 6, 26-29. :http://pas-
cal-francis.inist.fr/vibad/index.php?ac-
tion=getRecordDetail&idt=9555540

Wang, X., Wang, T., Liu, D., Guo, H., Huang,
H., & Zhao, Y. (2017). Moisture-indu-
ced greening of the South Asia over the
past three decades. Global Change Bi-
ology, 23(11), 4995-5005. https://doi.
org/10.1111/GCB.13762

Wassie, S. B. (2020). Natural resource degra-
dation tendencies in Ethiopia: a review.
Environmental Systems Research, 9(1),
1-29.  https://doi.org/10.1186/S40068-
020-00194-1

World Meteorological Organization (WMO)
and Global Water Partnership (GWP).
(2016): Handbook of drought indica-
tors and indices (M. Svoboda and B.A.
Fuchs). Integrated drought management
programmer (IDMP), Integrated Drought
Management Tools and Guidelines Series
2. Geneva.

Journal of Drought and Climate change Research (JDCR)

Summer 2024, Vol. 2, No. 6, pp 1-26

Bhattarai et al.

World Wild Fund (WWF) (2019). Risiko diirre
— Der weltweite Durst nach Wasser in Zei-
ten der Klimakrise. WWF Deutschland.
Berlin, Germany. https://www.wwf.de/
fileadmin/fm-ww{/Publikationen-PDF/
WWEF_ Duerrebericht DE. WEB.pdf

Xu, G., Zhang, H., Chen, B., Zhang, H., In-
nes, J. L., Wang, G., Yan, J., Zheng, Y.,
Zhu, Z., & Myneni, R. B. (2014). Chan-
ges in vegetation growth dynamics and
relations with climate over China’s Land-
mass from 1982 to 2011. Remote Sensing,
6(4), 3263-3283. https://doi.org/10.3390/
RS6043263

Yadeta, D., Kebede, A., & Tessema, N. (2020).
Climate change posed agricultural drought
and potential of rainy season for effective
agricultural water management, Kesem
sub-basin, Awash Basin, Ethiopia. Theo-
retical and Applied Climatology, 140(1—
2), 653-666. https://doi.org/10.1007/
S00704-020-03113-7 .

Yang, H., Munson, S. M., Huntingford, C.,
Carvalhais, N., Knapp, A. K., Li, X,,
Pefiuelas, J., Zscheischler, J., & Chen, A.
(2023). The detection and attribution of
extreme reductions in vegetation growth
across the global land surface. Glob-
al Change Biology, 29(8), 2351-2362.
https://doi.org/10.1111/GCB.16595

Young, R. A. (1995). Coping with a se-
vere sustained drought on the Colorado
Rwer: Introduction and overview. Jour-
nal of the American Water Resources
Association, 31(5), 779-788. https://
doi.org/10.1111/J.1752-1688.1995.
TB03400.X

Zhang, C., & Fang, Y. (2020). Application of
capital-based approach in the measure-
ment of livelihood sustainability: A case
study from the Koshi River basin com-
munity in Nepal. Ecological Indicators,
116, 106474. https://doi.org/10.1016/].
ECOLIND.2020.106474

Zhong, L., Ma, Y., Salama, M. S., & Su, Z.
(2010). Assessment of vegetation dy-
namics and their response to variations
in precipitation and temperature in the Ti-
betan Plateau. Climatic Change, 103(3),
519-535 https://doi.org/10.1007/s10584-

24


https://reliefweb.int/report/world/drought-numbers-2022-restoration-readiness-and-resilience
https://reliefweb.int/report/world/drought-numbers-2022-restoration-readiness-and-resilience
https://www.unwater.org/water-facts/water-scarcity
https://www.unwater.org/water-facts/water-scarcity
https://www.unwater.org/water-facts/water-scarcity
https://doi.org/10.1371/JOURNAL.PONE.0276667
https://doi.org/10.1371/JOURNAL.PONE.0276667
https://doi.org/10.1088/1748-9326/11/12/124021
https://doi.org/10.1088/1748-9326/11/12/124021
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.1175/2009JCLI2909.1
http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=9555540
http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=9555540
http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=9555540
https://doi.org/10.1111/GCB.13762
https://doi.org/10.1111/GCB.13762
https://doi.org/10.1186/S40068-020-00194-1
https://doi.org/10.1186/S40068-020-00194-1
https://www.wwf.de/fileadmin/fm-wwf/Publikationen-PDF/WWF_Duerrebericht_DE_WEB.pdf
https://www.wwf.de/fileadmin/fm-wwf/Publikationen-PDF/WWF_Duerrebericht_DE_WEB.pdf
https://www.wwf.de/fileadmin/fm-wwf/Publikationen-PDF/WWF_Duerrebericht_DE_WEB.pdf
https://doi.org/10.3390/RS6043263
https://doi.org/10.3390/RS6043263
https://doi.org/10.1007/S00704-020-03113-7
https://doi.org/10.1007/S00704-020-03113-7
https://doi.org/10.1111/GCB.16595
https://doi.org/10.1111/J.1752-1688.1995.TB03400.X
https://doi.org/10.1111/J.1752-1688.1995.TB03400.X
https://doi.org/10.1111/J.1752-1688.1995.TB03400.X
https://doi.org/10.1016/J.ECOLIND.2020.106474
https://doi.org/10.1016/J.ECOLIND.2020.106474
https://doi.org/10.1007/s10584-009-9787-8

25 | Evaluation of Drought in Gandaki River Basin, Nepal

009-9787-8 .

Zolotokrylin, A. N. (2010). Droughts: Causes,
Distribution and consequences. Natural
Disasters.https://www.eolss.net/sam-
ple-chapters/c01/E4-06-02-01.pdf

7. ANNEXES

ANNEX 1.1. NDVI Threshold
NDVI Threshold
S.N. Vegetation Level Range
1 No Vegetation -1t0-0.2
2 Low to Medium -0.19t0 0.23
3 Medium 0.24 t0 0.36
4 Medium to Dense 0.37 to 0.45
5 Very Dense 0.46to 1

ANNEX 1.2. NDWI Threshold

NDWI Threshold
S.N. Water Stress Class Range
1 Very High Water Stressed -1 to -0.084
2 High Water Stressed -0.084 to -0.05
3 Less Water Stressed -0.05t0 0
4 No Effect 0to 0.106
5 Normal Condition 0.106 to 0.24
6 Snow I Glacier 0.24to0 1
ANNEX 1.3. NDDI Threshold
NDDI Threshold
S.N. Drought Category Range
1 Water Body I No Drought -1to-0
2 Abnormally Dry 0to 0.1
3 Moderate Dry 0.1t0 0.2
4 Severe Drought 0.2t00.3
5 Extreme Drought 0.3t00.4
6 Exceptional Drought 0.4-1
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