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A B S T R A C T

It's unequivocal that the global climate is changing, including the rise in atmospheric temperature and variability
in amount and pattern of precipitation, and the rate of temperature change in the Himalayan region is higher
than the global average. Since precipitation and temperature are the major driving factors of water resources in
the Himalayas both upstream and downstream regions, it is important to understand theimpacts of climate
change in water resource availability in the future. In this study, we analyzed the historical hydro-climate data
and developed a suitable ensemble of the Coordinated Regional Downscaling Experiment (CORDEX) climate
models for the Karnali River Basin (KRB) in western Nepal and assessed the future water availability in different
climate scenarios using a semi-distributed catchment scale hydrological model the Soil and Water Assessment
Tool (SWAT). The climate data analysis shows that the atmospheric temperature is rising throughout the basin
but there is high spatial variability in precipitation trend. The historical river discharge data analysis do not
show any significant trend, however, there is some inter-annual variability. Future projection shows that the
annual precipitation amount will increase compared to the baseline so does the river discharge. However, this
increase is not uniform for all seasons. The post-monsoon season having the lowest observed precipitation will
get lesser amount of precipitation in the future and the river discharge also follows the same trend. These
anomalies play a crucial role in determining the future water availability for agriculture, hydropower, ecosystem
functioning and its services availability to the people living in the KRB as well as in the downstream region.

1. Introduction

Himalaya region is water tower for Asia (Immerzeel et al., 2010)
and source of several major rivers in Asia, which provide water for
about 1.3 billion people inhabiting the mountains and the downstream
regions (Bandyopadhyay and Gyawali, 1994; Ives and Messerli, 1989;
Xu et al., 2009). These rivers are essential for supplying water for
drinking, industries , irrigation, hydropower production, transport and
sustaining ecosystems that provide services to the people in down-
stream (Viviroli et al., 2011). In Nepal, the major river systems origi-
nating from the Himalaya have a significant contribution to river dis-
charge even in a dry period because of the snow/glacier melting
(Kattelmann, 1987).

The Himalaya region has been identified as one of the most sensitive
region in the planet to climate change, and is experiencing the more
warming than the global average (Bhutiyani et al., 2007; Kothawale

and Rupa Kumar, 2005; Nogués-Bravo et al., 2007; Xu et al., 2009)
along with pronounced variability in precipitation (Palazzi et al.,
2013), with increasing extreme precipitation events (Goswami et al.,
2006; Karki et al., 2017; Sen Roy and Balling, 2004; You et al., 2015;
Zhan et al., 2017) and shrinking of glaciers (Bolch et al., 2011, 2012;
Kaab et al., 2012; Kehrwald et al., 2008; Yao et al., 2012). These on-
going signs of climate change during the recent decades have sig-
nificant impacts to glaciers and water resources in the Himalaya region
(Cruz et al., 2007; Immerzeel et al., 2009, 2010; Xu et al., 2009), in-
cluding significant cascading effects on river discharge and ground-
water recharge. Few studies in the Himalaya regions show change not
only in magnitude in river discharge but also shift in hydrograph due to
climate change (Immerzeel et al., 2010; Ragettli et al., 2016; Sharma
et al., 2009). Some studies show that climate change is likely to have a
greater impact on water supplies annually but more significantly on the
seasonal basis (Singh and Bengtsson, 2004, 2005). The subsequent
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changes in river discharge from the Himalaya rivers have profound and
long-term impacts on water resources for the livelihoods of people
living in this area and the downstream (Akhtar et al., 2008; Carey et al.,
2017; Miller et al., 2012; Molden et al., 2016; Nepal et al., 2014). This
may pose a potential threat to food and energy security, natural hazard,
environmental quality, livelihoods and quality of life of people (Xu
et al., 2009).

Water scarcity has already been a major issue in rural watersheds in
the middle mountains of Nepal (Merz et al., 2003). Rapid population
growth and urbanization accompanied by escalating urban water de-
mands is increasing water transfer from rural and peri-urban areas to
urban areas (Shrestha et al., 2015). In addition to this, agricultural
water demand is an emerging concern mainly because of agricultural
intensification to meet the increasing demand of food to feed growing
population (Merz et al., 2003). McDowell et al. (2013) studied the
climate-related hydrological change and human vulnerability in
mountain regions in Khumbu, Everest region of Nepal and identified
reduced water access for household uses, declined crop yields, reduced
water access for meeting the high water demands of tourists, and re-
duced hydro-electricity generation as region-wide impact affecting
people.

Projections of global climate models (GCMs) show significant
changes in regional and globally averaged precipitation and air tem-
perature in future, and these changes will likely to have associated
impacts on water resources (IPCC, 2014). Different climate models in-
dicate that temperature and precipitation are likely to change in the
Himalaya region in future with varying magnitudes in different regions.
The understanding of climate change in mountains still remains a
challenge owing to inadequacies in observations and appropriate
models. In order to address these problems, it is important first to un-
derstand the present state and then explore the hydrological response in
the Himalaya region to climate variability and climate changes in fu-
ture. In the Himalaya region, the hydrological regime is likely to be
affected both by direct impacts on precipitation and evapotranspira-
tion, and indirect impacts through changes in the cryosphere.

As water resources plays a pivotal role for livelihood of people, it is
important to understand likely impacts of climate change on future
water availability and is very important for water resource management
and planning. However, studies on impacts of projected future climate
on distributions and availability of water resources are unknown in
Karnali River Basin of western Nepal though few researches found the
region vulnerable to climate change (Khatiwada et al., 2016; Khatiwada
and Pandey, 2019; Pandey et al., 2019b). Therefore, a main objective of
this research is to assess the projected impacts of climate change on
water availability of Karnali River Basin of the Nepal Himalaya. The
specific objectives of the paper are to: (i) Analyze the historical trend of
atmospheric temperature, precipitation and river flow in the Karnali
River Basin, (ii) Develop the future climate scenario using regional
climate model data, and (iii) Assess the future water availability in the
basin using projected climate data for the basin. In this study we used
Soil and Water Assessment Tool (SWAT) for climate change impact
assessment on water availability. Many researcher (Bajracharya et al.,
2018; Dahal et al., 2016; Lamichhane and Shakya, 2019; Mishra et al.,
2018; Pandey et al., 2019a; Shrestha et al., 2016, 2017) have used
SWAT for climate change impact assessment on water availability in
different basins of Nepal Himalaya. Dhami et al. (2018) tested the ap-
plicability of SWAT in Karnali River Basin and found that model per-
formance was well for hydrological simulation.

2. Study area

The Karnali River Basin (KRB) lies in western Nepal (Fig. 1) between
28.33° -30.45°N and 80.55° -83.68°E and is the largest river basin of
Nepal with an area of 42,457 km2. Karnali River is the trans-boundary
river which originates from south of Mansarovar Lake and Mapcha-
chungo Glacier located in China and flows through Nepal joining the

Ghaghara River in India. KRB is characterized by high climatic and
topographical variability as shown in Fig. 2 (A, C and D). The elevation
varies from 163 m in southern lowland to 7747 m at higher mountain to
the north. Highland of the KRB is dominated by snow/glaciers and
grasslands; and lowland by forest and agriculture lands (Fig. 2 (B)). In
the entire basin forest occupies 33 % followed by agriculture land,
which occupies 16 %. The KRB is largely rain-fed river basin
(Bookhagen and Burbank, 2010). The climate of the KRB is influenced
by the monsoon system, physiography of the region, and the westerlies
(Nayava, 1980; Shrestha, 2000). The annual average precipitation in
the basin is 1479 mm with large spatial, seasonal as well as inter-annual
variations (Khatiwada et al., 2016). During the summer monsoon
season (June through September), the area receives about 55 %–80 %
of the annual precipitation (Shrestha, 2000). Northern part of the basin
is the driest part, which receives less than 300 mm precipitation in a
year, but there are some pockets in the mountainous areas receiving
more than 2400 mm in a year (Fig. 2 (D)) which could be due to oro-
graphic relief (Palazzi et al., 2013). The river discharge is dominated by
precipitation events in summer in addition to the baseflow coupling
with snow and glacier melt in winter.

3. Datasets and methods

3.1. SWAT hydrological model

The Soil and Water Assessment Tool (SWAT) model is a process-
based basin scale semi-distributed hydrological model (Arnold et al.,
1998) and it is widely used to evaluate the effects of alternative man-
agement decisions on water resources. The model is computationally
efficient and capable for continuous simulation over long time periods
for a varied range of watershed size and environments (Gassman et al.,
2007). In SWAT, watershed is divided into multiple sub-watersheds and
each sub-watershed is further discretized into hydrological response
units (HRUs). Each HRU contains a unique combination of land cover,
soil properties and topography. Hydrological balance is simulated in
each HRU. These simulations include canopy interception of pre-
cipitation, snow and ice melt water, irrigation water, surface and sub-
surface runoff, distribution of water in different soil profiles, infiltration
and groundwater percolation and water flow from shallow aquifer.
Detailed theoretical description of SWAT model is provided by Arnold
et al. (1998). SWAT model is currently used in about 100 countries to
understand complex ecosystem as well as water availability and its
quality, climate change impact on water resources and agricultural
production issues (Dile et al., 2016) and more than 3000 peer reviewed
articles were published using this model by 2017.

3.2. Model input data

A 30 m resolution ASTER Global Digital Elevation Model (ASTER
GDEM V2) developed by the Ministry of Economy, Trade, and Industry
(METI) of Japan and the National Aeronautics and Space
Administration (NASA), USA was used to represent the topography of
the basin. The data was downloaded from of NASA Land Processes
Distributed Archive Center (http://gdex.cr.usgs.gov/gdex/). The land
use map with 30 m spatial resolution derived by object based classifi-
cation of Landsat thematic mapper imagery (Landsat 5) for the year
2010 was obtained from International Centre for Integrated Mountain
Development (ICIMOD) (http://rds.icimod.org/Home/DataDetail?
metadataId=9224). Soil map for KRB was obtained from the global
soil database prepared by Food and Agricultural Organization of the
United Nations (FAO) (http://www.fao.org/geonetwork/srv/en/
metadata.show?id=14116). The FAO soil data is available along with
a database of soil properties for the top two layers. Soil parameters
required for SWAT were calculated from FAO Soil data using the
Pedotransfer Function (PTF) developed by Saxton and Rawls (2006).
Daily observed precipitation and temperature data were obtained from
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the Department of Hydrology and Meteorology (DHM), Government of
Nepal. Thirty-four precipitation and twelve temperature stations over
KRB were selected for model input data (please refer Fig. 1 for the lo-
cation of meteorological stations). Daily solar radiation, wind speed and
relative humidity data were generated using SWAT inbuilt weather
generator functions. A weather generator input file in SWAT contains
statistical data needed to generate daily climate data for a sub-basin.
For this study, a weather generator input file is prepared using the
National Centers for Environmental Prediction (NCEP) Climate Forecast

System Reanalysis (CFSR) data downloaded from Global Weather Data
for SWAT website (https://globalweather.tamu.edu/). Daily average
river discharge values for four gauge stations were obtained from DHM
(please refer Fig. 1 for the location of river discharge monitoring sta-
tions).

Climate model data of 50 km resolution were obtained from
Coordinated Regional Climate Downscaling Experiment CORDEX-South
Asia (http://cccr.tropmet.res.in/home/ftp_data.jsp) project. In the
CORDEX portal, data for six RCMs at the daily time step for different

Fig. 1. Location of the study area (shaded blue) in the Nepal Himalaya. Figure in right box shows major rivers and hydro-climatic stations used to construct the
model. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Spatial variation in (A) altitude in m (Data: NASA et al. (2009)), (B) land cover type (Data: Uddin et al. (2015)), (C) annual temperature in oC (Data: Yasutomi
et al. (2011)), and (D) annual precipitation in mm (Data:Yatagai et al. (2012)) in Karnali River Basin. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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time scales and in regular grids for south Asia are available. A few re-
searchers have utilized these data in past in order to assess the relia-
bility and uncertainty in the climate projections for the south Asian
region (Ghimire et al., 2015; Mishra et al., 2014). Based on the re-
commendation from these studies, the dynamically downscaled global
climate model data of Irish Centre for High-End Computing (ICHEC)
and European Consortium ESM (EC-EARTH)(Hazeleger et al., 2012) by
Regional Climate Model of Swedish Meteorological and Hydrological
Institute–Rossby Center Regional Atmospheric Model version 4 (CRA4)
(Samuelsson et al., 2011) -ICHECRCA4 and global model data of Centre
National de Recherches Météorologiques—Groupe d’études de l’Atmo-
sphère Météorologique and Centre Européen de Recherche et de For-
mation Avancée (CNRM-CM5) (Voldoire et al., 2013) downscaled by
CSIRO Marine and Atmospheric Research, Melbourne, Australia -Con-
formal-Cubic Atmospheric Model (CCAM) (McGregor and Dix, 2008)
-CNRMCCAM were selected and an unweight ensemble product of these
two models was used to carry out the impact analysis. Future water
availability scenarios were developed for two scenarios, RCP 4.5 and
RCP 8.5. Summary of data used in this study and its corresponding
resolution and sources are presented on Table 1.

3.3. Model setup, calibration and evaluation

On the basis of the DEM, KRB was divided into 25 sub-basins, which
were further subdivided into 379 HRUs based on soil, land use, and
slope of the land surface. The simulation period was from 1990 to 2005
with a warm-up period for 1981–1989. The warm-up period was used
as equilibration to mitigate the initial conditions and excluded from the
analysis.

The SUFI-2 algorithm (Abbaspour et al., 2004) in the SWAT-CUP
software package was used for model calibration, validation, un-
certainty and sensitivity analysis for the SWAT simulation outputs. The
best parameters were estimated based on the available data, literature,
and subjective judgment. Based on the performance of the model at the
basin outlet hydrological station, relevant parameters in the upstream
sub-basins were parameterized as suggested by Abbaspour et al. (2015).
Based on parameters identified at one-at-a-time sensitivity analysis,
initial ranges were assigned to parameters of significance. In addition to
the initial ranges, user-defined absolute parameter ranges were also
defined for every SWAT parameters in SWAT-CUP where, parameters
were not allowed to be outside of this range. Once the model was
parameterized and the ranges were assigned, the model was run for 500
iterations.

In calibration and validation, model evaluation was done using
statistical model performance evaluation techniques - Nash-Sutcliffe
efficiency (NSE) (Nash and Sutcliffe, 1970), coefficient of determina-
tion (R2), the percent bias (PBIAS) and ratio of the root mean square
error to the standard deviation of measured data (RSR) with a graphical
comparison of simulated and measured constituent data. NSE is a
normalized statistics which compares of the relative magnitude of the
residual variance (noise) and the measured data variance (information)
(Nash and Sutcliffe, 1970). R2 describes the proportion of the variance
in the observations explained by the model. The range of R2 is from 0 to
1 where higher value gives less error variance and values greater than
0.5 are considered as acceptable range (Santhi et al., 2001; Van Liew
and Garbrecht, 2003). PBIAS measures the average tendency of the
simulated data to be larger or smaller than their observed counterparts.
Positive values of PBIAS indicate model underestimation bias, and ne-
gative values indicate model overestimation bias of total volume (Gupta
et al., 1999). RSR is the ratio of the root mean square error between
simulated and observed values to the standard deviation of the ob-
servations (Moriasi et al., 2007). Lower the value of RSR, the better is
the model simulation performance. The equations and the interpreta-
tion of the values of the statistical model performance evaluation
techniques are given in Table 2.Ta
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3.4. Climate change impact analysis

For this study, the average minimum and maximum temperature
and precipitation changes projected by ensemble of two RCMs were
calculated for each sub-basin for the period 2040–2069 (mid-century)
and 2070–2099 (late-century) for two different emission scenarios –
RCP 4.5 and RCP 8.5. Then SWAT simulations were run incorporating
these changes on modeled baseline SWAT database for the both periods
and scenarios. Mean monthly changes of the basin river discharge and
estimated water availability were then compared with the simulated
baseline data.

4. Results

4.1. Historical climate trends

KRB does not have a good spatial coverage of meteorological sta-
tions to measure the daily climatic parameters especially temperature.
Those available are concentrated at lower altitude as shown in Fig. 1.
Though there are some stations located in the higher altitude, they have
several missing data and/or do not have enough record to analyze their
climatic trends (Khatiwada et al., 2016). Therefore, based on the
available time scale and data quality, we chose 6 observation stations
for temperature trend analysis and 26 stations for precipitation trend
analysis. Trends of observed annual temperature (mean, maximum and
minimum) and precipitation of each station are presented in Fig. 3
considering the period from 1981 to 2016. The annual temperatures
(maximum, minimum and mean) showed an increasing trend except at
two stations in case of minimum temperature.

Five stations show statistically significant increasing trend for mean
and maximum temperature and three stations in case of minimum
temperature. Two stations show decreasing trend of minimum tem-
perature but they are not statistically significant (at alpha = 0.05). The
results also show that maximum temperature is increasing at a faster
rate than the minimum temperature in KRB (not shown in graphs).

Among 26 precipitation stations, 20 stations show decreasing trend
and 7 of them are statistically significant indicating decreasing trend of
precipitation in KRB. Among the 6 stations which show an increasing
trend of precipitation, 2 of them are statistically significant showing
spatial variability in precipitation.

4.2. Projected change in future climate

Fig. 4 presents the spatial changes in temperature over Nepal pro-
jected by ensemble of the two RCMs. Results indicate that there is an
overall increase in the mean annual temperature across Nepal by the

mid-21st century (2040–2069) and and also by the late 21st century
(2070–2099) with reference to the baseline period (1971-2000). There
is an strong indication that the warming trend is stronger in northern
highlands compare to lowlands. Under RCP 4.5 scenario mean tem-
perature could rise by 1.4 °C–2.4 °C during 2040–2069 and
1.6 °C–3.4 °C during 2070–2099. Similarly, under RCP 8.5 scenario the
changes in mean temperature could be between 1.8 °C and 3.2 °C during
2040–2069 and 3.4 °C–6.6 °C during 2070–2099.

Fig. 5 presents the future changes in annual total precipitation [%]
relative to the baseline period projected by ensemble of the two RCMs.
Results indicate that more precipitation is expected in most of the areas
for both scenarios (RCP 4.5 and RCP 8.5) and time scales (mid and late-
century) except in some part of eastern and central Nepal. In KRB,
where a decreasing trend in precipitation is observed in the recent
decades, the models project an increase in precipitation even in mid of
the 21st century. Unlike that of temperature, precipitation trends are
not uniform. Results show that under RCP 4.5 scenario the total annual
precipitation may increase by 12 %, but under RCP 8.5 scenario it may
increase by 30 %.

The monthly variability in the observed and future precipitation in
KRB (Fig. 6) shows that pre-monsoon and monsoon precipitation is
expected to increase during the 2040–2069 and the 2070–2099 com-
pared to the baseline period. Contrast to this, both RCP 4.5 and RCP 8.5
scenarios show decreasing precipitation in November for both time
scales, which is the driest month for the basin. This could lead to in-
crease in winter droughts in KRB in future.

4.3. Historical trend of river discharge

The location of the hydrological stations measuring discharge along
with three major tributaries in KRB: Bheri at east, Seti at west and
Karnali at the center are shown in Fig. 1. The observed river discharge
data do not show any statistically significant trend at 95 % confidence
level, but they have a large inter-annual variability (Fig. 7). The mean
annual discharge at the Chisapani station at the outlet of KRB is 1375
m3s-1.

4.4. Model calibration and validation

The SWAT hydrological model for KRB was calibrated and validated
against the monthly observed discharge data at the basin outlet at
Chisapani. Model calibration and validation were carried out by com-
paring simulated and measured data for the period 1990–1997 and
1998–2005 respectively. Sequential Uncertainty Fitting II (SUFI-2)
(Abbaspour et al., 2004) method using SWAT-CUP (Calibration and
Uncertainty Program) (Abbaspour et al., 2007) was first used, with the

Table 2
Formulae and performance ratings for NSE, PBIAS, RSR and R2 for calibration and validation processes (adopted from Moriasi et al. (2007)
and Moriasi et al. (2015)).

Formulae Value Performance Rating

= − ⎡
⎣
⎢

⎤
⎦
⎥

∑ = −

∑ = −
NSE 1 i 1

n (Xobs(i)  Ymodel(i))2

i 1
n (Xobs(i) Xobs)2

> 0.65 Very good
0.54 to 0.65 Adequate
> 0.50 Satisfactory

= ⎡
⎣⎢

× ⎤
⎦⎥

∑ = −

∑ =
PBIAS      100i 1

n (Xobs(i) Ymodel(i))

i 1
n (Xobs(i))

< ±20 % Good
±20 % to± 40 % Satisfactory
> ±40 % Unsatisfactory

=
∑ = −

∑ = −
RSR   i 1

n (Xobs(i) Ymodel(i))2

i 1
n (Xobs(i) Xobs)2

0.00 < RSR < 0.50 Very good
0.50 < RSR < 0.60 Good
0.60 < RSR < 0.70 Satisfactory
RSR > 0.70 Unsatisfactory

=
⎡

⎣
⎢

⎤

⎦
⎥

∑ = − −

∑ = − ∑ = −
R i

n Y

i
n

i
n Y

2 1(Xobs(i) Xobs)( model(i) Ymodel)

1(Xobs(i) Xobs)2 1( model(i) Ymodel)2

2 R2 > 0.50 Satisfactory

Here: Xobs = observed data, Xobs = mean of observed data, Ymodel = output data of model simulation, Ymodel = mean of output data of
model simulation.
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NSE as the objective function, to identify the most sensitive parameters
to be calibrated in KRB. After choosing the sensitive parameters, fea-
sible range of these parameters were estimated based on the available
data, literature, and researchers’ expertise and then simulations were

carried out.
The graphical comparison between the observed and simulated

monthly discharge for both calibration and validation periods show that
basin exhibits good agreement between the simulated and observed

Fig. 3. Trend of observed (A) maximum temperature (B) minimum temperature (C) mean temperature and (D) total annual precipitation of each station in Karnali
River Basin (1981–2016).

Fig. 4. Projected change in the future mean annual temperature [oC] by ensemble of the two RCMs over Nepal for two different scenarios (RCP 4.5 and RCP 8.5) and
time scales (2040–2069 and 2070–2099) relative to the baseline period of 1971–2000.
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discharge (Fig. 8). The NSE values during the calibration and validation
periods were 0.85 and 0.83 respectively. Similarly, the cumulative
volume of the simulations exceeded that of the observations by 1.9 %
during the calibration period and by 3.9 % during the validation period
indicating a slight overestimation of the discharge by the model during
the simulation period.

The statistics of the model performance is summarized in Table 3.
On the basis of recommendations provided by Moriasi et al. (2007),
model performance as assessed by NSE, R2, PBIAS and RSR was ‘very
good’. This shows that model performed good in simulating river dis-
charge and was capable of capturing monthly variation of discharge for
KRB.

4.5. Impacts of climate change on river discharge

Baseline and future projection of monthly river discharge at the
outlet location of the Karnali River Basin as simulated by SWAT are
presented in Fig. 9. The increase in precipitation has been reflected in
the discharge. It shows an overall increase in discharge for both the mid
(2040–2069) - and late (2070–2099) -century compared to the baseline
period (1971–2000). Results show that annual mean discharge will
increase by 6.4 % during 2040–2069 and 8.4 % during 2070–2099
under RCP 4.5 scenario whereas 5.1 % in 2040–2069 and 10.9 % in
2070–2099 under RCP 8.5 scenario. The rate of increment of discharge
is higher in pre-monsoon (March–May) and monsoon

Fig. 5. Projected changes in the future annual total precipitation [%] by ensemble of the two RCMs over Nepal for two different scenarios (RCP 4.5 and RCP 8.5) and
time scales (2040–2069 and 2070–2099) relative to the baseline period of 1971–2000.

Fig. 6. Monthly variation of observed precipitation and projected changes [%] in Karnali River Basin for different scenarios and time scales. Future projection is
relative to the baseline period of 1971–2000.
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(June–September) seasons. RCP 8.5 for mid-century projected to de-
crease discharge during the early winter causing dry winter. The per-
centage changes in discharge for each season projected by different
scenarios are presented in Fig. 10.

5. Discussion

Through this analysis, we show that KRB's climate has clearly

warmed since 1981. This result is coherent with the studies in other
parts of the Nepal Himalaya (Baidya et al., 2008; Nepal, 2016; Sharma
et al., 2000; Shrestha and Aryal, 2011; Shrestha et al., 1999). Many
researchers claimed that there is relatively higher warming trends in
higher altitude compare to lowland in Himalaya and other regions
(Bhutiyani et al., 2007; Hu et al., 2012; Immerzeel, 2008; Liu et al.,
2009; Pepin et al., 2015; Qin et al., 2009; Rangwala and Miller, 2012;
Shrestha and Aryal, 2011).

Another result shows the decreasing trend of precipitation in KRB
since 1981 in a regional scale but there is geographic and interannual
variability in precipitation in the region. Unlike to all agreed increasing
trend of temperature in the Himalaya region, similar other studies on
precipitation trend in the adjacent area show mixed spatial results.
Shrestha et al. (2000) did not find any significant trend in precipitation
in the Nepal Himalaya. In Koshi River Basin, Nepal (2016) studied the
trend of precipitation of 36 stations and found 22 stations showing
increasing trend while only 2 stations were statistically significant.

Fig. 7. Variability on observed annual average river discharge in (A) Bheri River (at Jamu: station index-270), (B) Karnali River (at Asharaghat: station index-240),
(C) Seti River (at Banga: station index-260), and (D) outlet of the Karnali River Basin (Karnali River at Chisapani: station index-280).

Fig. 8. Comparison between observed and simulated monthly discharge for both calibration and validation periods at the outlet of the Karnali River Basin (Karnali
River at Chisapani).

Table 3
Summary statistics of model performance.

Criteria for model skill evaluation Calibration Validation

Nash-Sutcliffe Efficiency (NSE) 0.85 0.83
Percent Bias in Volume (PBIAS) 1.90 3.90
Coefficient of Determination (R2) 0.86 0.84
RMSE-observations Standard Deviation Ratio (RSR) 0.39 0.41
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Among them 14 stations showed a decreasing trend of which only 1
station showed significant trend. These results indicate that the climate
of the KRB has become warmer and drier during the last 36 years.

The increasing trend of temperature in future is supported by many
previous studies using different global climate models (GCMs) and re-
gional climate models (RCMs), and different emission scenarios. Lutz
et al. (2014) studied projected temperature change for the Asia's five
major river basins - Indus, Ganges, Brahmaputra, Salween and Mekong.
They found that GCMs agree on, between the reference period
(1998–2007) and 2050, temperatures will increase in the region from
~1 °C to 2.2 °C. Palazzoli et al. (2015) studied future climate scenarios
in Indrawati Basin in Nepal using three climate models (GCMs),
namely, CCSM4, EC-Earth and ECHAM6, each one under three different
RCPs (2.6, 4.5 and 8.5) and found that temperature increase is expected
in all the scenarios, and the greatest increase is expected under RCP 8.5.
Zomer et al. (2014) studied projected climate change based upon an
ensemble of 19 Earth System Models (CIMP5) across four RCPs within
the Kailash Sacred Landscape of China, India and Nepal and found that
the mean annual temperature would increases by 2.2 °C (RCP 2.6) to
3.3 °C (RCP 8.5) in the mid-21st century compare to the mean tem-
perature of 1960–2000. Dahal et al. (2016) studied the projected cli-
mate change in Bagmati River Basin in Nepal using CORDEX SMHI-
RCA4 model data and found that temperature is likely to increase in

future under both RCP 4.5 and RCP 8.5 and the magnitude will be
larger under RCP 8.5. Rajbhandari et al. (2016) studied the projected
change in temperature in Koshi River Basin using eight CMIP5 GCMs
data and found that higher increase in temperature is projected to be
over the high Himalaya and middle mountain area compared to trans-
Himalaya and southern plain areas. Though the basin is likely to ex-
perience warming throughout a year, the increase rate in winter is
likely to be higher compared to other seasons. Pandey et al. (2019a)
studied projected change in temperature in Chamelia watershed of
Mahakali Basin using ensemble of five RCMs and found increasing trend
to the end of the century for both maximum and minimum tempera-
tures. This pronounced warming in future would inevitably enhance
evapotranspiration, change in snow cover dynamics, which cause rapid
melting of glaciers with increasing risk of ‘too much water and too little
water’ for people.

The precipitation does not show uniform trend in the past ob-
servation and also in the future projections. Expected changes in pre-
cipitation in this region are not consistent in all the regions although
many studies predicted slightly increased precipitation (Dahal et al.,
2016; Dhaubanjar et al., 2019; Lutz et al., 2013, 2014; Palazzi et al.,
2013; Pandey et al., 2019a; Shrestha et al., 2016) with an increase in
summer and decrease in winter seasons (Rajbhandari et al., 2016). In
Koshi River Basin Rajbhandari et al. (2016) found that, in future by
2050, precipitation is likely to increase by 14 % during the summer
monsoon season and the increase is higher over the mountains than the
plains. The meager amount of precipitation in the winter season is also
projected to further decrease.

Though there is clear trend of warming and decreasing precipita-
tion, there is absence of trend in river discharge in KRB. Bur river
discharge shows large inter annual variability. Gautam and Acharya
(2012) studied statistical trend of river discharge over Nepal using
Mann-Kendall and Sen's test and found that a majority (~66 %) of the
hydrological stations mostly draining the larger basin showed an ab-
sence of any significant trends. Gurung et al. (2017) studied long term
river discharge trend in four trans-boundary basins across the Himalaya
range including Koshi and Gandaki rivers of Nepal Himalaya and found
that none of the trends was statistically significant. In KRB precipitation
in the high-elevation areas falls as snow, causing a natural delay in the
river discharge therefore snow-cover dynamics in the upstream also
influence the water availability in the downstream. The runoff con-
tributions from the snow/ice and glacier respond to variations in cli-
matic conditions in different ways (Cayan et al., 1993; Duell, 1994;

Fig. 9. Future projected monthly flows in Karnali River Basin.

Fig. 10. Change in discharge at outlet of Karnali River Basin for each season projected by different scenarios. Blue line is the observed seasonal mean discharge
(m3s−1). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Kletti and Stefan, 1997). On an annual timescale, snowmelt provides
20.5 % of discharge in KRB (Bookhagen and Burbank, 2010). Here, the
contrasting result of decreasing precipitation and non-significant trend
in river discharge may be confounded by the climate warming–driven
changes in snowpack, permafrost, glacier, and evapotranspiration. In-
creasing melt rate may be compensating the decreasing precipitation.

Hydrological models driven by climate simulations predict an
overall increase of river discharge over KRB. This result is clearly sen-
sitive to result of future climate projections. Immerzeel et al. (2012)
stated that the increasing river discharge in future mostly contributed
by increases in precipitation and temperature in Langtang River Basin
of Nepal Himalaya. Such a significant increase was also reported by
Shrestha et al. (2016), Mishra et al. (2018), Dahal et al. (2016),
Lamichhane and Shakya (2019), Bajracharya et al. (2018), Shrestha
et al. (2017), Pandey et al. (2019a) in different other river basins of
Nepal Himalaya. Pandey et al. (2019a) used similar approach to study
hydrological response to climate change in Chamelia watershed of
Mahakali Basin, adjacent to KRB, and found that average annual dis-
charge was simulated to increase by 8.2 % in 2021–2045, 12.2 % in
2046–2070, and 15.0 % in 2071–2095 under RCP 4.5 scenario.

Though, KRB is the region having least hydropower projects in
Nepal to date, it has highest potential of hydroelectricity generation
among river basins in Nepal (Sharma and Awal, 2013) and significant
number of hydroelectric projects are under construction and many are
in the pipeline in this region (Alam et al., 2017). As most of Nepal's
existing and proposed hydropower plants are run-of-river schemes, the
amount of electricity generated is highly dependent on the daily dis-
charge. Therefore knowledge regarding future water availability in
Karnali River Basin is very much relevant since hydropower is envision
as one of the important sector for development of region (Pakhtigian
et al., 2019).

6. Conclusion

In this study future water availability in the Karnali River Basin of
the Nepal Himalaya was analyzed by developing the SWAT hydro-
logical model. The model performed good in simulating river discharge
and is capable of capturing monthly variation of the discharge for the
model calibration and validation periods with NSE values 0.85 and 0.83
respectively. The results show that the mean temperature in the basin is
projected to increase by 1.4 °C to 2.4 °C for 2040–2069 and by 1.6 °C to
3.4 °C for 2070–2099 under RCP 4.5 scenario and by 1.8 °C to 3.2 °C for
2040–2069 and by 3.4 °C to 6.6 °C for 2070–2099 under RCP 8.5 from
the baseline period of 1971–2000. This increasing trend in mean tem-
perature is similar to the past trend. In the case of precipitation, overall
it is projected to increase in annual total but more likely to increase in
pre-monsoon and monsoon seasons. Results show that, under RCP 4.5
the annual total precipitation may increase by 12 %, and under RCP 8.5
it may increase by 30 % compared to the baseline period 1971–2000.
Analyses conclude that rising temperature and change in precipitation
patterns across the Karnali River Basin resulting from climate change
will have an influence on water resource availability in future. The
annual average discharge of the river will increase by 6.4 % by
2040–2069 and 8.4 % by 2070–2099 under RCP 4.5 and 5.1 % by
2040–2069 and 10.9 % by 2070–2099 under RCP 8.5. More water will
be available especially during the pre-monsoon and monsoon seasons,
and this scenario is likely to increase in the late century. It may be with
a caveat of increased potential of floods and extreme events, which
would be more harmful in the low-lands, especially during the monsoon
season. Riverine, and urban floods linked to extreme precipitation
events could cause widespread damage to infrastructure, livelihoods
and settlements in future.

CRediT authorship contribution statement

Piyush Dahal: Methodology, Formal analysis, Writing - original

draft. Madan Lall Shrestha: Writing - review & editing. Jeeban
Panthi: Methodology, Writing - review & editing. Dhiraj
Pradhananga: Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

We would like to thank the Asia Pacific Network for Global Change
Research (APN) and the Small Earth Nepal (SEN) for supporting this
research work by providing financial and administrative supports. This
study is a part of the project ‘Runoff Scenario and Water Based
Adaptation Strategies in South Asia’ under the project reference num-
bers: ARCP2013-20NMY-Shrestha and ARCP2014-10CMY-Shrestha.
Nancy B Sammons at the United States Department of Agriculture and
K.C. Abbaspour at Eawag, Swiss Federal Institute for Aquatic Science
and Technology are highly acknowledged for helping to run SWAT and
SWAT CUP respectively.

References

Abbaspour, K.C., Johnson, C.A., van Genuchten, M.T., 2004. Estimating uncertain flow
and transport parameters using a sequential uncertainty fitting procedure. Vadose
Zone J. 3 (4), 1340–1352. https://doi.org/10.2136/vzj2004.1340.

Abbaspour, K.C., et al., 2015. A continental-scale hydrology and water quality model for
Europe: calibration and uncertainty of a high-resolution large-scale SWAT model. J.
Hydrol. 524, 733–752. https://doi.org/10.1016/j.jhydrol.2015.03.027.

Abbaspour, K.C., Vejdani, M., Haghighat, S., 2007. SWAT-CUP calibration and un-
certainty programs for SWAT. In: Kulasiri, L.O.D. (Ed.), MODSIM 2007 International
Congress on Modelling and Simulation. Modelling and Simulation Society of
Australia and New Zealand, Melbourne, Australia, pp. 1596–1602.

Akhtar, M., Ahmad, N., Booij, M.J., 2008. The impact of climate change on the water
resources of Hindukush–Karakorum–Himalaya region under different glacier cov-
erage scenarios. J. Hydrol. 355 (1), 148–163. https://doi.org/10.1016/j.jhydrol.
2008.03.015.

Alam, F., et al., 2017. A review of hydropower projects in Nepal. Energy Procedia 110,
581–585. https://doi.org/10.1016/j.egypro.2017.03.188.

Arnold, J.G., Srinivasan, R., Muttiah, R.S., Williams, J.R., 1998. Large area hydrologic
modeling and assessment part I: model development. JAWRA J. Am. Water Resour.
Assoc. 34 (1), 73–89. https://doi.org/10.1111/j.1752-1688.1998.tb05961.x.

Baidya, S.K., Shrestha, M.L., Sheikh, M.M., 2008. Trends in daily climatic extremes of
temperature and precipitation in Nepal. J. Hydrol. Meteorol. 5 (1), 38–53.

Bajracharya, A.R., Bajracharya, S.R., Shrestha, A.B., Maharjan, S.B., 2018. Climate
change impact assessment on the hydrological regime of the Kaligandaki Basin,
Nepal. Sci. Total Environ. 625, 837–848. https://doi.org/10.1016/j.scitotenv.2017.
12.332.

Bandyopadhyay, J., Gyawali, D., 1994. Himalayan water resources: ecological and poli-
tical aspects of management. Mt. Res. Dev. 14 (1), 1–24. https://doi.org/10.2307/
3673735.

Bhutiyani, M.R., Kale, V.S., Pawar, N.J., 2007. Long-term trends in maximum, minimum
and mean annual air temperatures across the Northwestern Himalaya during the
twentieth century. Climatic Change 85 (1), 159–177. https://doi.org/10.1007/
s10584-006-9196-1.

Bolch, T., et al., 2012. The state and fate of himalayan glaciers. Science 336 (6079),
310–314. https://doi.org/10.1126/science.1215828.

Bolch, T., Pieczonka, T., Benn, D.I., 2011. Multi-decadal mass loss of glaciers in the
Everest area (Nepal Himalaya) derived from stereo imagery. Cryosphere 5 (2),
349–358. https://doi.org/10.5194/tc-5-349-2011.

Bookhagen, B., Burbank, D.W., 2010. Toward a complete Himalayan hydrological budget:
spatiotemporal distribution of snowmelt and rainfall and their impact on river dis-
charge. J. Geophys. Res.: Earth Surface 115 (F3). https://doi.org/10.1029/
2009JF001426.

Carey, M., et al., 2017. Impacts of glacier recession and declining meltwater on mountain
societies. Ann. Assoc. Am. Geogr. 107 (2), 350–359. https://doi.org/10.1080/
24694452.2016.1243039.

Cayan, D.R., Riddle, L.G., Aguado, E., 1993. The influence of precipitation and tem-
perature on seasonal streamflow in California. Water Resour. Res. 29 (4), 1127–1140.
https://doi.org/10.1029/92WR02802.

Cruz, R.V., et al., 2007. Asia. Climate Change 2007: Impacts, Adaptation and
Vulnerability. Contribution of Working Group II to the Fourth Assessment Report of
the Intergovernmental Panel on Climate Change. Cambridge University Press, UK.

Dahal, V., Shakya, N.M., Bhattarai, R., 2016. Estimating the impact of climate change on
water availability in Bagmati basin, Nepal. Environ. Process. 3 (1), 1–17. https://doi.
org/10.1007/s40710-016-0127-5.

P. Dahal, et al. Environmental Research 185 (2020) 109430

10

https://doi.org/10.2136/vzj2004.1340
https://doi.org/10.1016/j.jhydrol.2015.03.027
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref3
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref3
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref3
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref3
https://doi.org/10.1016/j.jhydrol.2008.03.015
https://doi.org/10.1016/j.jhydrol.2008.03.015
https://doi.org/10.1016/j.egypro.2017.03.188
https://doi.org/10.1111/j.1752-1688.1998.tb05961.x
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref7
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref7
https://doi.org/10.1016/j.scitotenv.2017.12.332
https://doi.org/10.1016/j.scitotenv.2017.12.332
https://doi.org/10.2307/3673735
https://doi.org/10.2307/3673735
https://doi.org/10.1007/s10584-006-9196-1
https://doi.org/10.1007/s10584-006-9196-1
https://doi.org/10.1126/science.1215828
https://doi.org/10.5194/tc-5-349-2011
https://doi.org/10.1029/2009JF001426
https://doi.org/10.1029/2009JF001426
https://doi.org/10.1080/24694452.2016.1243039
https://doi.org/10.1080/24694452.2016.1243039
https://doi.org/10.1029/92WR02802
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref16
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref16
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref16
https://doi.org/10.1007/s40710-016-0127-5
https://doi.org/10.1007/s40710-016-0127-5


Dhami, B., Himanshu, S.K., Pandey, A., Gautam, A.K., 2018. Evaluation of the SWAT
model for water balance study of a mountainous snowfed river basin of Nepal.
Environ. Earth Sci. 77 (1), 21. https://doi.org/10.1007/s12665-017-7210-8.

Dhaubanjar, S., Prasad Pandey, V., Bharati, L., 2019. Climate futures for Western Nepal
based on regional climate models in the CORDEX-SA. Int. J. Climatol. https://doi.
org/10.1002/joc.6327.

Dile, Y.T., Daggupati, P., George, C., Srinivasan, R., Arnold, J., 2016. Introducing a new
open source GIS user interface for the SWAT model. Environ. Model. Software 85,
129–138. https://doi.org/10.1016/j.envsoft.2016.08.004.

Duell, L.F.W., 1994. The sensitivity of northern sierra Nevada streamflow to climate
change. JAWRA J. Am. Water Resour. Assoc. 30 (5), 841–859. https://doi.org/10.
1111/j.1752-1688.1994.tb03333.x.

Gassman, P.W., Reyes, M.R., Green, C.H., Arnold, J.G., 2007. The soil and water assess-
ment Tool: historical development, applications, and future research directions.
Trans. ASABE 50 (4), 39. https://doi.org/10.13031/2013.23637.

Gautam, M.R., Acharya, K., 2012. Streamflow trends in Nepal. Hydrol. Sci. J. 57 (2),
344–357. https://doi.org/10.1080/02626667.2011.637042.

Ghimire, S., Choudhary, A., Dimri, A.P., 2015. Assessment of the performance of
CORDEX-South Asia experiments for monsoonal precipitation over the Himalayan
region during present climate: part I. Clim. Dynam. https://doi.org/10.1007/s00382-
015-2747-2.

Goswami, B.N., Venugopal, V., Sengupta, D., Madhusoodanan, M.S., Xavier, P.K., 2006.
Increasing trend of extreme rain events over India in a warming environment. Science
314 (5804), 1442–1445. https://doi.org/10.1126/science.1132027.

Gupta, H.V., Sorooshian, S., Yapo, P.O., 1999. Status of automatic calibration for hy-
drologic models: comparison with multilevel expert calibration. J. Hydrol. Eng. 4 (2),
135–143. https://doi.org/10.1061/(ASCE)1084-0699(1999)4:2(135).

Gurung, D.R., et al., 2017. Climate and topographic controls on snow cover dynamics in
the Hindu Kush Himalaya. Int. J. Climatol. 37 (10), 3873–3882. https://doi.org/10.
1002/joc.4961.

Hazeleger, W., et al., 2012. EC-Earth V2.2: description and validation of a new seamless
earth system prediction model. Clim. Dynam. 39 (11), 2611–2629. https://doi.org/
10.1007/s00382-011-1228-5.

Hu, Y., Maskey, S., Uhlenbrook, S., 2012. Trends in temperature and rainfall extremes in
the Yellow River source region, China. Climatic Change 110 (1), 403–429. https://
doi.org/10.1007/s10584-011-0056-2.

Immerzeel, W., 2008. Historical trends and future predictions of climate variability in the
Brahmaputra basin. Int. J. Climatol. 28 (2), 243–254. https://doi.org/10.1002/joc.
1528.

Immerzeel, W.W., Droogers, P., de Jong, S.M., Bierkens, M.F.P., 2009. Large-scale mon-
itoring of snow cover and runoff simulation in Himalayan river basins using remote
sensing. Rem. Sens. Environ. 113 (1), 40–49. https://doi.org/10.1016/j.rse.2008.08.
010.

Immerzeel, W.W., van Beek, L.P.H., Bierkens, M.F.P., 2010. Climate change will affect the
asian water towers. Science 328 (5984), 1382–1385. https://doi.org/10.1126/
science.1183188.

Immerzeel, W.W., van Beek, L.P.H., Konz, M., Shrestha, A.B., Bierkens, M.F.P., 2012.
Hydrological response to climate change in a glacierized catchment in the Himalayas.
Climatic Change 110 (3), 721–736. https://doi.org/10.1007/s10584-011-0143-4.

IPCC, 2014. In: Team, C.W., Pachauri, R.K., Meyer, L.A. (Eds.), Climate Change 2014:
Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change. IPCC, Geneva,
Switzerland.

Ives, J.D., Messerli, B., 1989. The Himalayan Dilemma Reconciling Development and
Conservation. Routledge, London. https://doi.org/10.4324/9780203169193.

Kaab, A., Berthier, E., Nuth, C., Gardelle, J., Arnaud, Y., 2012. Contrasting patterns of
early twenty-first-century glacier mass change in the Himalayas. Nature 488 (7412),
495–498. https://doi.org/10.1038/nature11324.

Karki, R., Hasson, S., Schickhoff, U., Scholten, T., Böhner, J., 2017. Rising precipitation
extremes across Nepal. Climate 5 (1), 4. https://doi.org/10.3390/cli5010004.

Kattelmann, R., 1987. Uncertainty in assessing himalayan water resources. Mt. Res. Dev.
7 (3), 279–286. https://doi.org/10.2307/3673206.

Kehrwald, N.M., et al., 2008. Mass loss on Himalayan glacier endangers water resources.
Geophys. Res. Lett. 35 (22). https://doi.org/10.1029/2008GL035556.

Khatiwada, K., Panthi, J., Shrestha, M., Nepal, S., 2016. Hydro-climatic variability in the
Karnali River basin of Nepal Himalaya. Climate 4 (2), 17. https://doi.org/10.3390/
cli4020017.

Khatiwada, K.R., Pandey, V.P., 2019. Characterization of hydro-meteorological drought
in Nepal Himalaya: a case of Karnali River basin. Weather Clim. Extremes 26,
100239. https://doi.org/10.1016/j.wace.2019.100239.

Kletti, L.L., Stefan, H.G., 1997. Correlations of climate and streamflow in three Minnesota
streams. Climatic Change 37 (4), 575–600. https://doi.org/10.1023/
a:1005396601785.

Kothawale, D.R., Rupa Kumar, K., 2005. On the recent changes in surface temperature
trends over India. Geophys. Res. Lett. 32 (18). https://doi.org/10.1029/
2005GL023528.

Lamichhane, S., Shakya, N.M., 2019. Integrated assessment of climate change and land
use change impacts on hydrology in the kathmandu valley watershed, Central Nepal.
Water 11 (10), 2059. https://doi.org/10.3390/w11102059.

Liu, X., Cheng, Z., Yan, L., Yin, Z.-Y., 2009. Elevation dependency of recent and future
minimum surface air temperature trends in the Tibetan Plateau and its surroundings.
Global Planet. Change 68 (3), 164–174. https://doi.org/10.1016/j.gloplacha.2009.
03.017.

Lutz, A.F., Immerzeel, W.W., Gobiet, A., Pellicciotti, F., Bierkens, M.F.P., 2013.
Comparison of climate change signals in CMIP3 and CMIP5 multi-model ensembles
and implications for Central Asian glaciers. Hydrol. Earth Syst. Sci. 17 (9),

3661–3677. https://doi.org/10.5194/hess-17-3661-2013.
Lutz, A.F., Immerzeel, W.W., Shrestha, A.B., Bierkens, M.F.P., 2014. Consistent increase

in High Asia's runoff due to increasing glacier melt and precipitation. Nat. Clim.
Change 4 (7), 587–592. https://doi.org/10.1038/nclimate2237.

McDowell, G., Ford, J.D., Lehner, B., Berrang-Ford, L., Sherpa, A., 2013. Climate-related
hydrological change and human vulnerability in remote mountain regions: a case
study from Khumbu, Nepal. Reg. Environ. Change 13 (2), 299–310. https://doi.org/
10.1007/s10113-012-0333-2.

McGregor, J.L., Dix, M.R., 2008. An updated description of the conformal-cubic atmo-
spheric model. In: Hamilton, K., Ohfuchi, W. (Eds.), High Resolution Numerical
Modelling of the Atmosphere and Ocean. Springer New York, New York, NY, pp.
51–75. https://doi.org/10.1007/978-0-387-49791-4_4.

Merz, J., et al., 2003. Water: a scarce resource in rural watersheds of Nepal's middle
mountains. Mt. Res. Dev. 23 (1), 41–49. https://doi.org/10.1659/0276-4741(2003)
023[0041:WASRIR]2.0.CO;2. 9.

Miller, J.D., Immerzeel, W.W., Rees, G., 2012. Climate change impacts on glacier hy-
drology and river discharge in the hindu kush–himalayas. Mt. Res. Dev. 32 (4),
461–467. https://doi.org/10.1659/MRD-JOURNAL-D-12-00027.1. 7.

Mishra, V., et al., 2014. Reliability of regional and global climate models to simulate
precipitation extremes over India. J. Geophys. Res.: Atmosphere 119 (15),
9301–9323. https://doi.org/10.1002/2014JD021636.

Mishra, Y., Nakamura, T., Babel, M.S., Ninsawat, S., Ochi, S., 2018. Impact of climate
change on water resources of the Bheri River basin, Nepal. Water 10 (2), 220. https://
doi.org/10.3390/w10020220.

Molden, D.J., Shrestha, A.B., Nepal, S., Immerzeel, W.W., 2016. Downstream implications
of climate change in the himalayas. In: Biswas, A.K., Tortajada, C. (Eds.), Water
Security, Climate Change and Sustainable Development. Springer Singapore,
Singapore, pp. 65–82. https://doi.org/10.1007/978-981-287-976-9_5.

Moriasi, D.N., et al., 2007. Model evaluation guidelines for systematic quantification of
accuracy in watershed simulations. Trans. ASABE 50 (3), 885–900. https://doi.org/
10.13031/2013.23153.

Moriasi, D.N., Gitau, M.W., Pai, N., Daggupati, P., 2015. Hydrologic and water quality
models: performance measures and evaluation criteria. Trans. ASABE 58 (6),
1763–1785. https://doi.org/10.13031/trans.58.10715.

NASA, METI, AIST, Spacesystems, J., Team, A.S., 2009. ASTER Global Digital Elevation
Model. https://dx.doi.org/10.5067/ASTER/ASTGTM.002.

Nash, J.E., Sutcliffe, J.V., 1970. River flow forecasting through conceptual models part I
— a discussion of principles. J. Hydrol. 10 (3), 282–290. https://doi.org/10.1016/
0022-1694(70)90255-6.

Nayava, J.L., 1980. Rainfall in Nepal. Himal. Rev. 12, 1–18.
Nepal, S., 2016. Impacts of climate change on the hydrological regime of the Koshi river

basin in the Himalayan region. J. Hydro-Environ. Res. 10, 76–89. https://doi.org/10.
1016/j.jher.2015.12.001.

Nepal, S., Flügel, W.-A., Shrestha, A.B., 2014. Upstream-downstream linkages of hydro-
logical processes in the Himalayan region. Ecol. Process. 3 (1), 19. https://doi.org/
10.1186/s13717-014-0019-4.

Nogués-Bravo, D., Araújo, M.B., Errea, M.P., Martínez-Rica, J.P., 2007. Exposure of global
mountain systems to climate warming during the 21st Century. Global Environ.
Change 17 (3), 420–428. https://doi.org/10.1016/j.gloenvcha.2006.11.007.

Pakhtigian, E.L., Jeuland, M., Bharati, L., Pandey, V.P., 2019. The role of hydropower in
visions of water resources development for rivers of Western Nepal. Int. J. Water
Resour. Dev. 1–28. https://doi.org/10.1080/07900627.2019.1600474.

Palazzi, E., von Hardenberg, J., Provenzale, A., 2013. Precipitation in the hindu-kush
karakoram Himalaya: observations and future scenarios. J. Geophys. Res.:
Atmosphere 118 (1), 85–100. https://doi.org/10.1029/2012JD018697.

Palazzoli, I., Maskey, S., Uhlenbrook, S., Nana, E., Bocchiola, D., 2015. Impact of pro-
spective climate change on water resources and crop yields in the Indrawati basin,
Nepal. Agric. Syst. 133, 143–157. https://doi.org/10.1016/j.agsy.2014.10.016.

Pandey, V.P., Dhaubanjar, S., Bharati, L., Thapa, B.R., 2019a. Hydrological response of
Chamelia watershed in Mahakali Basin to climate change. Sci. Total Environ. 650,
365–383. https://doi.org/10.1016/j.scitotenv.2018.09.053.

Pandey, V.P., Sharma, A., Dhaubanjar, S., Bharati, L., Joshi, I.R., 2019b. Climate shocks
and responses in karnali-mahakali basins, western Nepal. Climate 7 (7), 92. https://
doi.org/10.3390/cli7070092.

Pepin, N., et al., 2015. Elevation-dependent warming in mountain regions of the world.
Nat. Clim. Change 5 (5), 424–430. https://doi.org/10.1038/nclimate2563.

Qin, J., Yang, K., Liang, S., Guo, X., 2009. The altitudinal dependence of recent rapid
warming over the Tibetan Plateau. Climatic Change 97 (1), 321. https://doi.org/10.
1007/s10584-009-9733-9.

Ragettli, S., Immerzeel, W.W., Pellicciotti, F., 2016. Contrasting climate change impact on
river flows from high-altitude catchments in the Himalayan and Andes Mountains.
Proc. Natl. Acad. Sci. Unit. States Am. 113 (33), 9222–9227. https://doi.org/10.
1073/pnas.1606526113.

Rajbhandari, R., Shrestha, A.B., Nepal, S., Wahid, S., 2016. Projection of future climate
over the Koshi River basin based on CMIP5 GCMs. Atmos. Clim. Sci. 6, 190–204.
https://doi.org/10.4236/acs.2016.62017.

Rangwala, I., Miller, J.R., 2012. Climate change in mountains: a review of elevation-
dependent warming and its possible causes. Climatic Change 114 (3), 527–547.
https://doi.org/10.1007/s10584-012-0419-3.

Samuelsson, P., et al., 2011. The Rossby Centre Regional Climate model RCA3: model
description and performance. Tellus 63 (1), 4–23. https://doi.org/10.1111/j.1600-
0870.2010.00478.x.

Santhi, C., et al., 2001. Validation of the SWAT model on a large river basin with point
and non point sources. JAWRA J. Am. Water Resour. Assoc. 37 (5), 1169–1188.
https://doi.org/10.1111/j.1752-1688.2001.tb03630.x.

Saxton, K.E., Rawls, W.J., 2006. Soil water characteristic estimates by texture and organic

P. Dahal, et al. Environmental Research 185 (2020) 109430

11

https://doi.org/10.1007/s12665-017-7210-8
https://doi.org/10.1002/joc.6327
https://doi.org/10.1002/joc.6327
https://doi.org/10.1016/j.envsoft.2016.08.004
https://doi.org/10.1111/j.1752-1688.1994.tb03333.x
https://doi.org/10.1111/j.1752-1688.1994.tb03333.x
https://doi.org/10.13031/2013.23637
https://doi.org/10.1080/02626667.2011.637042
https://doi.org/10.1007/s00382-015-2747-2
https://doi.org/10.1007/s00382-015-2747-2
https://doi.org/10.1126/science.1132027
https://doi.org/10.1061/(ASCE)1084-0699(1999)4:2(135)
https://doi.org/10.1002/joc.4961
https://doi.org/10.1002/joc.4961
https://doi.org/10.1007/s00382-011-1228-5
https://doi.org/10.1007/s00382-011-1228-5
https://doi.org/10.1007/s10584-011-0056-2
https://doi.org/10.1007/s10584-011-0056-2
https://doi.org/10.1002/joc.1528
https://doi.org/10.1002/joc.1528
https://doi.org/10.1016/j.rse.2008.08.010
https://doi.org/10.1016/j.rse.2008.08.010
https://doi.org/10.1126/science.1183188
https://doi.org/10.1126/science.1183188
https://doi.org/10.1007/s10584-011-0143-4
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref34
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref34
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref34
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref34
https://doi.org/10.4324/9780203169193
https://doi.org/10.1038/nature11324
https://doi.org/10.3390/cli5010004
https://doi.org/10.2307/3673206
https://doi.org/10.1029/2008GL035556
https://doi.org/10.3390/cli4020017
https://doi.org/10.3390/cli4020017
https://doi.org/10.1016/j.wace.2019.100239
https://doi.org/10.1023/a:1005396601785
https://doi.org/10.1023/a:1005396601785
https://doi.org/10.1029/2005GL023528
https://doi.org/10.1029/2005GL023528
https://doi.org/10.3390/w11102059
https://doi.org/10.1016/j.gloplacha.2009.03.017
https://doi.org/10.1016/j.gloplacha.2009.03.017
https://doi.org/10.5194/hess-17-3661-2013
https://doi.org/10.1038/nclimate2237
https://doi.org/10.1007/s10113-012-0333-2
https://doi.org/10.1007/s10113-012-0333-2
https://doi.org/10.1007/978-0-387-49791-4_4
https://doi.org/10.1659/0276-4741(2003)023[0041:WASRIR]2.0.CO;2
https://doi.org/10.1659/0276-4741(2003)023[0041:WASRIR]2.0.CO;2
https://doi.org/10.1659/MRD-JOURNAL-D-12-00027.1
https://doi.org/10.1002/2014JD021636
https://doi.org/10.3390/w10020220
https://doi.org/10.3390/w10020220
https://doi.org/10.1007/978-981-287-976-9_5
https://doi.org/10.13031/2013.23153
https://doi.org/10.13031/2013.23153
https://doi.org/10.13031/trans.58.10715
https://dx.doi.org/10.5067/ASTER/ASTGTM.002
https://doi.org/10.1016/0022-1694(70)90255-6
https://doi.org/10.1016/0022-1694(70)90255-6
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref59
https://doi.org/10.1016/j.jher.2015.12.001
https://doi.org/10.1016/j.jher.2015.12.001
https://doi.org/10.1186/s13717-014-0019-4
https://doi.org/10.1186/s13717-014-0019-4
https://doi.org/10.1016/j.gloenvcha.2006.11.007
https://doi.org/10.1080/07900627.2019.1600474
https://doi.org/10.1029/2012JD018697
https://doi.org/10.1016/j.agsy.2014.10.016
https://doi.org/10.1016/j.scitotenv.2018.09.053
https://doi.org/10.3390/cli7070092
https://doi.org/10.3390/cli7070092
https://doi.org/10.1038/nclimate2563
https://doi.org/10.1007/s10584-009-9733-9
https://doi.org/10.1007/s10584-009-9733-9
https://doi.org/10.1073/pnas.1606526113
https://doi.org/10.1073/pnas.1606526113
https://doi.org/10.4236/acs.2016.62017
https://doi.org/10.1007/s10584-012-0419-3
https://doi.org/10.1111/j.1600-0870.2010.00478.x
https://doi.org/10.1111/j.1600-0870.2010.00478.x
https://doi.org/10.1111/j.1752-1688.2001.tb03630.x


matter for hydrologic solutions. Soil Sci. Soc. Am. J. 70 (5), 1569–1578. https://doi.
org/10.2136/sssaj2005.0117.

Sen Roy, S., Balling, R.C., 2004. Trends in extreme daily precipitation indices in India. Int.
J. Climatol. 24 (4), 457–466. https://doi.org/10.1002/joc.995.

Sharma, E., et al., 2009. Climate Change Impacts and Vulnerability in the Eastern
Himalayas. ICIMOD, Kathmnadu.

Sharma, K.P., Moore, B., Vorosmarty, C.J., 2000. Anthropogenic, climatic, and hydrologic
trends in the kosi basin, Himalaya. Climatic Change 47 (1), 141–165. https://doi.org/
10.1023/a:1005696808953.

Sharma, R.H., Awal, R., 2013. Hydropower development in Nepal. Renew. Sustain.
Energy Rev. 21, 684–693. https://doi.org/10.1016/j.rser.2013.01.013.

Shrestha, A., Sada, R., Shukla, A., 2015. Dynamics of rural urban water flows and im-
plications on peri-urban water security. Nepal J. Sci. Technol. 15 (1), 99–106.
https://doi.org/10.3126/njst.v15i1.12025.

Shrestha, A.B., Aryal, R., 2011. Climate change in Nepal and its impact on Himalayan
glaciers. Reg. Environ. Change 11 (1), 65–77. https://doi.org/10.1007/s10113-010-
0174-9.

Shrestha, A.B., Wake, C.P., Dibb, J.E., Mayewski, P.A., 2000. Precipitation fluctuations in
the Nepal Himalaya and its vicinity and relationship with some large scale climato-
logical parameters. Int. J. Climatol. 20 (3), 317–327. https://doi.org/10.1002/(SICI)
1097-0088(20000315)20:3<317::AID-JOC476>3.0.CO;2-G.

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. J. Clim. 12 (9), 2775–2786. https://doi.org/10.
1175/1520-0442(1999)012<2775:mttith>2.0.co;2.

Shrestha, M.L., 2000. Interannual variation of summer monsoon rainfall over Nepal and
its relation to Southern Oscillation Index. Meteorol. Atmos. Phys. 75 (1), 21–28.
https://doi.org/10.1007/s007030070012.

Shrestha, S., Shrestha, M., Babel, M.S., 2016. Modelling the potential impacts of climate
change on hydrology and water resources in the Indrawati River Basin, Nepal.
Environ. Earth Sci. 75 (4), 280. https://doi.org/10.1007/s12665-015-5150-8.

Shrestha, S., Shrestha, M., Babel, M.S., 2017. Assessment of climate change impact on
water diversion strategies of Melamchi Water Supply Project in Nepal. Theor. Appl.
Climatol. 128 (1), 311–323. https://doi.org/10.1007/s00704-015-1713-6.

Singh, P., Bengtsson, L., 2004. Hydrological sensitivity of a large Himalayan basin to
climate change. Hydrol. Process. 18 (13), 2363–2385. https://doi.org/10.1002/hyp.
1468.

Singh, P., Bengtsson, L., 2005. Impact of warmer climate on melt and evaporation for the
rainfed, snowfed and glacierfed basins in the Himalayan region. J. Hydrol. 300 (1–4),
140–154. https://doi.org/10.1016/j.jhydrol.2004.06.005.

Uddin, K., et al., 2015. Development of 2010 national land cover database for the Nepal.
J. Environ. Manag. 148, 82–90. https://doi.org/10.1016/j.jenvman.2014.07.047.

Van Liew, M.W., Garbrecht, J., 2003. Hydrological simulation of the Little Washita River
experimental watershed using SWAT. JAWRA J. Am. Water Resour. Assoc. 39 (2),
413–426. https://doi.org/10.1111/j.1752-1688.2003.tb04395.x.

Viviroli, D., et al., 2011. Climate change and mountain water resources: overview and
recommendations for research, management and policy. Hydrol. Earth Syst. Sci. 15
(2), 471–504. https://doi.org/10.5194/hess-15-471-2011.

Voldoire, A., et al., 2013. The CNRM-CM5.1 global climate model: description and basic
evaluation. Clim. Dynam. 40 (9), 2091–2121. https://doi.org/10.1007/s00382-011-
1259-y.

Xu, J., et al., 2009. The melting himalayas: cascading effects of climate change on water,
biodiversity, and livelihoods. Conserv. Biol. 23 (3), 520–530. https://doi.org/10.
1111/j.1523-1739.2009.01237.x.

Yao, T., et al., 2012. Different glacier status with atmospheric circulations in Tibetan
Plateau and surroundings. Nat. Clim. Change 2 (9), 663–667. https://doi.org/10.
1038/nclimate1580.

Yasutomi, N., Hamada, A., Yatagai, A., 2011. Development of a long-term daily gridded
temperature dataset and its application to rain/snow discrimination of daily pre-
cipitation. Global Environ. Res. 15 (2), 165–172.

Yatagai, A., et al., 2012. APHRODITE: constructing a long-term daily gridded precipita-
tion dataset for Asia based on a dense Network of rain gauges. Bull. Am. Meteorol.
Soc. 93 (9), 1401–1415. https://doi.org/10.1175/bams-d-11-00122.1.

You, Q., Min, J., Zhang, W., Pepin, N., Kang, S., 2015. Comparison of multiple datasets
with gridded precipitation observations over the Tibetan Plateau. Clim. Dynam. 45
(3), 791–806. https://doi.org/10.1007/s00382-014-2310-6.

Zhan, Y.-J., et al., 2017. Changes in extreme precipitation events over the Hindu Kush
Himalayan region during 1961–2012. Adv. Clim. Change Res. https://doi.org/10.
1016/j.accre.2017.08.002.

Zomer, R.J., et al., 2014. Projected climate change impacts on spatial distribution of
bioclimatic zones and ecoregions within the Kailash Sacred Landscape of China,
India, Nepal. Climatic Change 125 (3), 445–460. https://doi.org/10.1007/s10584-
014-1176-2.

P. Dahal, et al. Environmental Research 185 (2020) 109430

12

https://doi.org/10.2136/sssaj2005.0117
https://doi.org/10.2136/sssaj2005.0117
https://doi.org/10.1002/joc.995
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref77
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref77
https://doi.org/10.1023/a:1005696808953
https://doi.org/10.1023/a:1005696808953
https://doi.org/10.1016/j.rser.2013.01.013
https://doi.org/10.3126/njst.v15i1.12025
https://doi.org/10.1007/s10113-010-0174-9
https://doi.org/10.1007/s10113-010-0174-9
https://doi.org/10.1002/(SICI)1097-0088(20000315)20:3<317::AID-JOC476>3.0.CO;2-G
https://doi.org/10.1002/(SICI)1097-0088(20000315)20:3<317::AID-JOC476>3.0.CO;2-G
https://doi.org/10.1175/1520-0442(1999)012<2775:mttith>2.0.co;2
https://doi.org/10.1175/1520-0442(1999)012<2775:mttith>2.0.co;2
https://doi.org/10.1007/s007030070012
https://doi.org/10.1007/s12665-015-5150-8
https://doi.org/10.1007/s00704-015-1713-6
https://doi.org/10.1002/hyp.1468
https://doi.org/10.1002/hyp.1468
https://doi.org/10.1016/j.jhydrol.2004.06.005
https://doi.org/10.1016/j.jenvman.2014.07.047
https://doi.org/10.1111/j.1752-1688.2003.tb04395.x
https://doi.org/10.5194/hess-15-471-2011
https://doi.org/10.1007/s00382-011-1259-y
https://doi.org/10.1007/s00382-011-1259-y
https://doi.org/10.1111/j.1523-1739.2009.01237.x
https://doi.org/10.1111/j.1523-1739.2009.01237.x
https://doi.org/10.1038/nclimate1580
https://doi.org/10.1038/nclimate1580
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref95
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref95
http://refhub.elsevier.com/S0013-9351(20)30323-6/sref95
https://doi.org/10.1175/bams-d-11-00122.1
https://doi.org/10.1007/s00382-014-2310-6
https://doi.org/10.1016/j.accre.2017.08.002
https://doi.org/10.1016/j.accre.2017.08.002
https://doi.org/10.1007/s10584-014-1176-2
https://doi.org/10.1007/s10584-014-1176-2

	Modeling the future impacts of climate change on water availability in the Karnali River Basin of Nepal Himalaya
	Introduction
	Study area
	Datasets and methods
	SWAT hydrological model
	Model input data
	Model setup, calibration and evaluation
	Climate change impact analysis

	Results
	Historical climate trends
	Projected change in future climate
	Historical trend of river discharge
	Model calibration and validation
	Impacts of climate change on river discharge

	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References




