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gion is vulnerable to climatic variations, especially precipitation and temperature. In our study, we modelled the
impact of climate change on the water balance and hydrological regime of the snow dominated Kaligandaki
Basin. The Soil and Water Assessment Tool (SWAT) was used for a future projection of changes in the hydrolog-
ical regime of the Kaligandaki basin based on Representative Concentration Pathways Scenarios (RCP 4.5 and RCP
8.5) of ensemble downscaled Coupled Model Intercomparison Project's (CMIP5) General Circulation Model
(GCM) outputs. It is predicted to be a rise in the average annual temperature of over 4 °C, and an increase in
the average annual precipitation of over 26% by the end of the 21st century under RCP 8.5 scenario. Modeling re-
sults show these will lead to significant changes in the basin's water balance and hydrological regime. In partic-
ular, a 50% increase in discharge is expected at the outlet of the basin. Snowmelt contribution will largely be
affected by climate change, and it is projected to increase by 90% by 2090.Water availability in the basin is not
likely to decrease during the 21st century. The study demonstrates that the important water balance components
of snowmelt, evapotranspiration, and water yield at higher elevations in the upper and middle sub-basins of the

Kaligandaki Basin will be most affected by the increasing temperatures and precipitation.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author at: International Centre for Integrated Mountain Development

(ICIMOD), GPO Box 3226, Kathmandu, Nepal.

E-mail addresses: sagar.bajracharya@icimod.org, sbajrach@myune.edu.au

(S.R. Bajracharya).

https://doi.org/10.1016/j.scitotenv.2017.12.332

1. Introduction

The impact of climate change and adaptation measures is perceived as
a major contemporary global concern (IPCC, 2014). Increases in global
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surface temperatures, variability of rainfall patterns both spatially and over
time, as well changes in the predictability of this variance are all likely to
occur over the next century (Trenberth et al., 2003; Alexander et al.,
2006; Kharin et al,, 2013). The Intergovernmental Panel on Climate Change
has defined a series of Representative Concentration Pathways (RCP) sce-
narios for future climate projection, based on the Coupled Model Intercom-
parison Project (CMIP5) (van Vuuren et al,, 2011). These suggest an
average global rise in surface temperature of over 2 °C by the end of the
century, compared to the reference period of 30 years from 1986 to
2005. More specifically, the average temperature is projected to increase
over 1 °C under a low-emission scenario (RCP 2.6), and over 4 °C under
an extreme scenario (RCP 8.5) (Knutti and Sedlacek, 2013). Increase in
temperature and precipitation changes can alter regional water balances
and hydrological regimes (Poitras et al,, 2011; Bolch et al,, 2012).

The potential impact of climate change will be more evident in the Hi-
malayan region, where the runoff is dominated, largely, by glacier melt
and snowmelt (Viviroli et al., 2007; Immerzeel et al., 2013; Lutz et al.,
2014). The average contribution of snowmelt to the annual stream flow
across the Hindu Kush-Himalayan region is nearly 20%, with a maximum
contribution of >65% in the Indus catchment (Bookhagen and Burbank,
2010). In addition, glacier melt in the Upper Indus region is approximate-
ly 32% (Immerzeel et al., 2009). Whereas mean temperatures in the
Indus, Ganges, and Brahmaputra (IGB) basin are projected to rise up to
3.5 °C for an RCP 4.5 scenario and 6.3 °C for an RCP 8.5 scenario. Similarly,
the projected precipitation of this region is expected to vary between 3%
to 37% under RCP 4.5, and RCP 8.5 scenario respectively (Lutz et al,, 2016).

The Hindu Kush Himalayan region is one of the most vulnerable re-
gions in the worlds with respect to climate change because of its highly
diverse climatic and topographical variations (IPCC, 2007; Kundzewicz
et al., 2007). Climate changes are expected to influence millions of peo-
ple living in the region (Immerzeel et al., 2010). Many researchers have
quantified the impact of climate change on the water availability in the
snow and glacier dominated catchment of the Himalayan region in
Nepal using hydrological and glacier mass balance models (Bharati
et al,, 2014; Khadka et al., 2014; Shea et al., 2014). Most of this research
has used coarse-resolution, General Circulation Model (GCM) or Re-
gional Circulation Model (RCM) based data. GCM resolutions may vary
from 300 to 400 km and are not preferred for hydrological modeling
in a mountainous catchment (Babel et al., 2014). However, the GCM
data can be downscaled to catchment level using observed meteorolog-
ical data. The downscaled GCM climate data can be used as a forcing
data for hydrological models to project stream flow. A fine resolution
data-set can significantly improve the projection of stream flow, there-
by providing more reliable results.

In this study, we used 10-km resolution data-set developed by Lutz
et al. (2016) for the IGB basin, constructed with a particular focus on
the improved representation of high-altitude precipitation and tempera-
ture. The climate data were then used in a SWAT model to generate future
outflows in the basin. The SWAT model was well tested and implemented
for different catchments in the Himalayan region yielding good simula-
tion (Bharati et al., 2012; Palazzoli et al., 2015; Dahal et al., 2016).

This study considers the individual contribution of precipitation, snow-
melt, evapotranspiration and water yield within the water balance for the
Kaligandaki basin, which could help to understand future hydro-climate
variability. Previous research had mainly focused on a time-based stream
flow in the basin only, often missing out on the other water balance com-
ponents for instance water yield and evapotranspiration. This paper out-
lines the impacts of projected temperature and precipitation on different
components of water balance in the Kaligandaki Basin in Nepal.

2. Materials and methods
2.1. Study area

The Kaligandaki Basin (Fig. 1) is an important sub-basin of the
Narayani Basin in Nepal, which is a major tributary of the Ganges

River Basin. It has a catchment area of approximately 11,830 km? and
is located between 27° 43'N to 29° 19'N and 82° 53'E to 84° 26E. Eleva-
tions within the Kaligandaki Basin varies from 188 to 8143 m, thus
marked topographic variations is a feature. The upper region of the
Kaligandaki Basin is characterized by high altitudes, low temperatures,
and some glacier coverage. Permanent snow covers about 33% of the
basin, while over 50% of this snow cover occurs above 5200 m (Mishra
et al., 2014). The middle region of the basin is mostly hilly with high al-
titude terrain; the plains in the South have a sub-tropical climate and
high precipitation.

Climate data (precipitation, relative humidity, solar radiation, wind
speed, and temperature) collected at Department of Hydrology and Me-
teorology (DHM) stations throughout the basin were used as input to
the SWAT model. In addition, land use data at a 300-m resolution
were obtained from the European Space Agency. Global land cover
data for 2000, 2005, and 2010 periods were also used in developing
the hydrological model. The Soil and Terrain Database Programme
(SOTER) provided a soil map at 1:1 million scale for Nepal and China.
Separate soil maps were merged for the soil map of the Kaligandaki
basin.

2.2. Hydro-meteorological stations in the Kaligandaki basin

The network of hydrological, precipitation and temperature stations
used in the SWAT model are given in Fig. 1. Overall, daily data from 14
precipitations, 9 temperature, and 1 hydrological station were used in
this analysis from 1995 to 2004.The hydro-meteorological station data
for the Kaligandaki Basin were obtained from the Department of Hy-
drology and Meteorology, Nepal.

2.3. Climate change data for the basin

Lutz et al. (2016)'s climate dataset for the entire IGB basin was based
on selected CMIP5 GCMs with a 10 x 10 km spatial resolution and daily
time steps. In the IGB dataset, the best GCMs were selected for the re-
gion using the ‘Envelope’ approach, and downscaled by Quantile map-
ping. In the envelope approach, suitable GCMs are selected from the
universal sets of GCMs available covering different range of temperature
and precipitation projection. Since the Kaligandaki basin is part of the
Ganges basin, their dataset was used for our climate change analysis.
Table 1 shows the selected climate model used for this study.

SWAT is a semi-distributed model that does not allow the use of me-
teorological data in a grid format, hence these were converted to point
data in SWAT format. For this purpose, climate data located at the cen-
troid of the unit grid were extracted (Price et al.,, 2014). To simplify the
analysis, only virtual points representing the climatology of the basin
were used for the model. Since the stations measuring precipitation
and temperature adequately represent the spatial and topographical
variation of the basin, only the gridded pixel stations were used for
our analysis. This method enabled us also to compare the climate
datasets with observed historical datasets for validation. We used
GCM climate dataset 1990s (1981-2010) as a reference data and
2030s (Present-2040), 2060s (2041-2070), and 2090s (2071-2100) as
a projected future data to see the change in climate between the refer-
ence and future projection in the Kaligandaki River Basin.

2.4. Hydrological modeling

Hydrological modeling plays an important role in the analysis of
water resources subjected to climate change, especially when
attempting to understand its consequences (Praskievicz and Chang,
2009). The hydrological model SWAT was used in this study to simulate
future discharge and assess different water balance components in the
context of climate change.
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Fig. 1. Location map of Kaligandaki basin in Nepal (left) and Spatial distribution of Hydrological, Precipitation, and Temperature Stations (right).

The hydrological cycle in SWAT is governed by the following water
balance equation (Arnold et al., 1998):

n

SW¢ = SWq + Z(Rday_qurf_Ea_Wseep_ng)
i=1

)

SW;: soil water content at time step t, SWy: initial soil water content,
Ryay: daily precipitation, Qsyf: runoff, E;: evapotranspiration, Wseep: per-
colation, and Qgy: groundwater flow.

Snowmelt was included with rainfall in the calculations of runoff
and percolation. The snowmelt in SWAT is a linear function of the differ-
ence between the average snow pack-maximum air temperature and
the base of threshold temperature for snow melt. It can be represented
by the following equation (Neitsch et al., 2009):

5 @

SNOWmelt = I:)melt * SIIOW cov. <<M> _Tmelt>
SNOW e daily snowmelt amount (mm), byere: daily melt factor (mm/
day C), Tax: daily maximum air temperature, Snowcoy. fraction of HRU
area covered by snow, Tsow: daily snowpack temperature (°C) and
Timerr: Optimum temperature for snow melt {C).

Arc SWAT 2012 was used to simulate the hydrological process under
present and future climatic conditions. SRTM DEM of 90 m x 90 m res-
olution was used to delineate the watershed in the model. The DEM was
used after the projection of coordinates to UTM Zone 44 N. A threshold
area of 280,000 km? was defined to create the river networks. Defining a
large threshold area leads to the delineation of larger sub-watersheds,
whereas a smaller threshold area leads to the creation of too many
sub-watersheds and finer streams. Manual outlets were generated

Table 1

Selected climate model and scenarios for IGB basin (Lutz et al., 2016).
RCP projection RCP 4.5 RCP 8.5
Warm, dry CMCC_CMS_r1i1p1 CMCC_CMS_r1ilp1
Warm, wet CSIRO-MK3-6.0_r4i1p1 CanESM2_r3i1p1
Cold, wet BNU_ESM_r1ilp1 bce-csm1-1_r1ilp1
Cold, dry inmem4_rlilpl inmcm4_rlilp1

automatically at the intersection of the stream by the SWAT model,
based on the threshold area defined. To delineate the watershed, the
outlet was defined at the Kota Gaon station. This resulted in the creation
of 29 sub-basins.

A Hydrological Response Unit (HRU) is the smallest unit of the
model. HRU is the combination of unique land features, soil type, and
slope classification within a sub-basin based upon user-defined thresh-
olds. For the creation of an HRU a land use map, soil map, and slope clas-
ses were used as input in SWAT. Look up tables were used to reclassify
the land use map and soil map according to the SWAT database. The
slope was first classified into four classes (0-25%, 25-50%, 50-70%,
and >70%). However, five classes of slope can be defined in the SWAT
model. A broader classification may be applicable for mountainous wa-
tersheds. To create fewer HRU units, a 10% threshold for land use, soil
type, and the slope was set. Each HRU is based on a unique combination
of these three elements.

To model the process of snowmelt and orographic distribution of
temperature and precipitation in SWAT, elevation bands were created.
An elevation band assists in discretizing the topographic effect of tem-
perature and precipitation on snowmelt and discharge (Hartman
etal,, 1999). Each sub-basin in the model was divided into five elevation
bands, and each band was assigned a mean elevation and area coverage
percentage. A sub-basin with a less orographic difference was assigned
only one elevation band. Up to 10 elevation bands may be assigned to
each sub-basin in the SWAT model.

2.5. Evaluation of the performance of SWAT model

Model evaluation is necessary to quantify the reliability of its out-
put. Such outputs are considered reliable if the evaluation statistics
fall within a permissible limit (Moriasi et al., 2007). According to
Moriasi et al. (2007), a model is deemed good for monthly stream
flow simulation, if PBIAS is within & 15% and NSE is above 0.75. We
calculated the Nash-Sutcliffe Simulation Efficiency (NSE), Coefficient
of Determination (R?), and Percent Bias (PBIAS) to verify our SWAT
results. Details of these methods are available in Nash and Sutcliffe
(1970), Gupta et al. (1999), Singh et al. (2004), and Moriasi et al.
(2007).
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3. Results
3.1. Model development

Calibration and validation of the model are required for further use
of its outputs (e.g., discharge). The observed daily discharge data avail-
able from DHM were from 1995 to 2004. SWAT was calibrated from
2000 to 2004 and validated from 1995 to 1999 at the outlet of the
Kaligandaki Basin (Figs. 2 and 3). We used a warm-up period of
2 years (1998-1999) for calibration to develop appropriate soil and
groundwater conditions (Fontaine et al., 2002). Altogether, over 50 pa-
rameters in SWAT may be used for calibration.

The model was calibrated manually by changing the parameters for
runoff, evapotranspiration, snowmelt, groundwater, and soil. Calibra-
tion parameters were based on literature review, adjustment of peak
flows, base flow, and volume. The temperature lapse rate was adjusted
to 5.6 °C/km. Khadka et al. (2014) used a seasonal lapse rate of 5.3°-5.8
°C/km to analyse the impact of climate change on snowmelt runoff in
the Tamakoshi basin in Nepal. The SCS curve number (dependent on
land use type) varied from 40 to 90. The Manning N value for the
main channel was calibrated from 0.03 to 0.066. Snowmelt parameters,
such as snowfall temperature and minimum snowmelt rate, were ad-
justed to the values of 0 °C and 7 mm/°C-day, respectively.

The simulated discharge from the model shows a good result with
the observed data. Hence, it shows that SWAT model is able to simulate
the discharge at the outlet of the catchment realistically and with rea-
sonably high accuracy. The calibration and validation output value of
NSE, R? and PBIAS is provided in Table 2.

The calibrated and validated SWAT model was forced with historical
ensemble climate variables from different GCMs used in this study from
1980 to 2010. The water balance components such as evapotranspira-
tion and discharge obtained from simulated SWAT model were treated
as baseline data for the reference period of 1980 to 2010. The water bal-
ance components hence obtained from the reference period were com-
pared with the future simulated water balance components for an
ensemble of 4 GCMs with RCP 4.5 scenario and 4 GCMs with RCP 8.5
scenario.

3.2. Climate change analysis

3.2.1. Projected precipitation

Data (downscaled) on the IGB basin at 10 km * 10 km resolution
were used for an analysis of projected precipitation and temperature.
The future timeline was categorized into three periods: 2030s, 2060s,
and 2090s. Each timeline period would have 30 years of data to compare
with the reference period the 1990s.

The warm-dry projection by CMCC-CMS models shows a decreased
precipitation for both RCP 4.5 and RCP 8.5 scenarios for all time periods.
The projection from the RCP 8.5 scenario shows less annual average pre-
cipitation of over 13% during the 2090s. The least decrease in precipita-
tion was projected during the 2060s, about 0.5% and 0.8% for RCP 4.5
and RCP 8.5 scenarios. In contrast, GCMs under cold-wet and warm-
wet projection show an increase in annual average precipitation.

8000
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Fig. 2. Calibration of SWAT model of Kaligandaki basin at Kota Gaon from 2000 to 2004.
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Fig. 3. Validation of SWAT model of Kaligandaki basin at Kota Gaon from 1995 to 1999.

There is a maximum increase of up to 24% during the 2090s compared
to the baseline average annual precipitation. The cold-dry projection
of inmcm4 shows an initial decrease of —5.38% in average annual pre-
cipitation during the 2030s under an RCP 4.5 scenario. Our finding is
consistent with the study carried out by Lutz et al. (2016) which
shows that the projected precipitation varied by —3.1% under an RCP
4.5 scenario, with an increase precipitation of +37.4% under an RCP
8.5 scenario for the IGB basin.

Our projections further showed a higher annual average precipita-
tion of 2.3% and 12.5% during the 2060s and 2090s, under the RCP 8.5
scenario. It is projected to increase by 0.5%, and about 14% and 31% dur-
ing the 2030s, 2060s, and 2090s respectively. The selected GCM projec-
tions in this study mostly show an increase in precipitation and its
intensity, especially during the monsoon season. However, during the
winter and dry season, most GCMs project decreased annual average
precipitation. December, January, and February (dry/winter season)
are the driest, receiving the least rainfall. The uncertainty range is ex-
pected to be small in this period. June, July, August, and September
(monsoon season) are the wettest with the maximum rainfall.

The range of uncertainty for the change in future projected precipi-
tation is presented in Fig. 4.The higher range of uncertainty may be
judged by the large difference in the 5th percentile and 95th percentile
value of the precipitation change. The winter season shows the least un-
certainty, as it receives only around 3-5% of total rainfall. The range is
expected to be highest during the 2090s under both RCP scenarios,
more during the monsoon obviously. The higher uncertainty range indi-
cates a more erratic behaviour of rainfall and its intensity. It could aggra-
vate rainfall-induced disasters such as landslides and floods. Changes in
the frequencies of extreme rainfall events might impinge on land degra-
dation processes such as mass movements, soil erosions, and removal of
top fertile soil as well as sand casting, which might reduce agriculture
land. Ultimately, change will impact the lives and livelihood of the
poor people who are residing in the Kaligandaki basin.

3.2.2. Projected temperature

Temperature is one of the crucial factor and also the most sensitive
parameter in climate science. All GCMs in this research show an increase
in both minimum and maximum temperatures on the future timeline.
The increase in temperature appears progressive for all GCMs on a tem-
poral basis, unlike precipitation that showed no particular trend of in-
crease or decrease across time.

The projected maximum temperature shows uncertainty for differ-
ent seasons which can be analyzed from Fig. 5. Projections show higher
temperatures throughout all seasons. The positive median value for all

Table 2
Model performance of daily stream flow during calibration and validation at Kota Gaon
outlet.

Timeline Evaluation criteria

NSE R? PBIAS
Calibration Period 0.78 0.78 —4.01
Validation Period 0.8 0.82 +9.6
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Fig. 4. Range of change in seasonal mean precipitation for different scenarios and GCMs for Kaligandaki basin. The lower end of the bar represents the 5th percentile, the upper end
represents the 95th percentile, and the marker represents the 50th percentile intervals of the uncertainty range.

periods and scenarios indicate an increase in maximum temperatures,
according to all GCMs with a variation of 0.1 °C-6 °C. The maximum
range of uncertainty in the change of maximum temperature is ob-
served during the 2090s under the RCP 8.5 scenario, whereas it is the
least during the 2030s under the RCP 4.5 scenario. The CMCC-CMS
GCM under RCP 8.5 projects a maximum rise in temperature during
the 2090s by 5.5 °C. A similar study on the Koshi basin of Nepal showed
higher mean temperatures by at least 4 °C by the end of the century,
with a decadal increment of almost 0.5 °C (Nepal, 2016).

All our GCMs under the RCP 8.5 scenario show at least a 3 °C rise in
maximum temperature by the end of the century. Significantly, under
the RCP 4.5 scenario, the maximum temperature is also expected to
rise, by about 2.8 °C. This finding is similar to that of Immerzeel et al.
(2013), which projected that the upper part of the Ganges basin will
be warmed by 2.2 °C in 2021-2050. All this clearly indicates no sign of

a decrease in annual average temperature. This aligns with the trend
of global projections for the northern hemisphere (Rangwala et al.,
2013). Immerzeel et al. (2012) reported that higher temperature will
increase evapotranspiration and increased melt of ice and snow. Simi-
larly, the fraction of precipitation that falls in the form of liquid precip-
itation will increase instead of snow and net effect on the total
discharge, glacier area and its composition.

The range of uncertainty in temperature is not expected to vary
much, unlike precipitation, but is expected to increase as we progress
in time. Notably, the uncertainty in temperature increase is significantly
less during the post-monsoon period, compared to the other seasons.

3.2.3. Impact on discharge
Discharge of a river may be affected by various water balance com-
ponents. Under both RCP scenarios, the discharge at the outlet of the
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Fig. 5. Range of change in seasonal mean maximum temperature for different scenarios and GCMs for Kaligandaki basin. The lower end of the bar represents the 5th percentile, the upper
end represents the 95th percentile, and the marker represents the 50th percentile intervals of the uncertainty range.

Kaligandaki River is expected to increase significantly in future. Increase
in discharge is projected to be maximal during the pre-monsoon under
RCP 4.5 and the monsoon under RCP 8.5. There would be a maximum
increase during the 2090s, of 41% under RCP 4.5, and over 50% under
RCP 8.5. Such a significant increase was also reported by Immerzeel
et al.,, 2012 and Bhattarai and Regmi (2016) in a study of the Langtang
basin in Nepal. The increase in discharge is mostly contributed by in-
creases in precipitation and temperature. The latter contribute to
more snowmelt runoff, which, in turn, causes higher discharge of the
river.

The projected discharge in the Himalayan catchment as a whole is
expected to increase by 32% (RCP 4.5) and 88% (RCP 8.5) by the end of
the century (Immerzeel et al., 2013). The peak is expected to be similar
during the 2030s and 2060s under both RCP scenarios. But in the 2090s,
it is expected to shift earlier under RCP 4.5, but to be delayed under RCP
8.5, both by a few days (Fig. 6). This might be due to shifting

precipitation and snowmelt timing but a shift in the timing and magni-
tude of water flows in the river are of particular crucial for the water
management.

The rate of increase in discharge is significantly higher than the per-
centage of increase in precipitation, as snowmelt is expected to increase
by over 90% late century. These results are similar to research findings
by Immerzeel et al. (2012 and (2013) and Khadka et al. (2014 and
2015) in the Langtang and Koshi river basins in Nepal. They, too, had
projected an increase in river flow in the basins due to climate change.

3.2.4. Impact on water balance components

Water balance components contribute to the discharge of the river
and overall hydrological cycle of the basin. In our research, we tried to
analyse the impact of climate change on several water balance compo-
nents in the basin - precipitation, snowmelt, evapotranspiration, and
water yield - for different seasons (Fig. 7).
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Fig. 6. Impact of climate change on the discharge at the outlet of the Kaligandaki basin during the 2030s, 2060s, and 2090s under RCP 4.5 (top) and RCP 8.5 (bottom) scenarios.

Water yield here refers to the net amount of water contributed by
the sub-basins and HRUs to the stream flow. Basically, it is the combina-
tion of surface runoff, lateral flow, and groundwater flow, with any de-
duction in transmission losses and pond abstractions (Arnold et al.,
1998).

The water balance components in this research for the future period
were compared to the reference simulated water balance components
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Fig. 7. Climate change impacts on annual average water balance components in the
Kaligandaki basin during the 2030s, 2060s, and 2090s under RCP 4.5 and RCP 8.5
scenarios, compared to the simulated historical (1990s) period.

(from 1980 to 2010: 1990s) obtained from the SWAT model, after the
calibration and validation of the model with the observed data.

Since we did not have the observed data of the different water bal-
ance components for the basin, it is justifiable to use the output from
the SWAT model as the baseline or reference data to compare the
water balance components for future scenarios.

In terms of percentage change, snowmelt is mostly affected by an in-
crease in precipitation and temperature. It occurs mostly during the
monsoon for all timelines under RCP 4.5.This result is consistent with
the findings of a study in the Tamakoshi basin in Nepal (Khadka et al.,
2014). They projected an increase in snowmelt of over 80% during the
2090s under RCP 4.5. Singh and Kumar (1997) had projected an in-
crease in snowmelt of 41% in the western Himalayan catchment, consid-
ering a scenario of a temperature increase by 3 °C and precipitation
increase by 10%.

After snowmelt, water yield is the most affected water balance com-
ponent in the basin. It is expected to increase throughout all the seasons
under RCP 4.5 scenarios. An increase is projected of over 20% during the
2030s, whereas during the 2060s it is just below 30%. A maximum in-
crease could be expected during the 2090s, of over 45%, under RCP
4.5. Climate change has a moderate impact on evapotranspiration. It
could increase by 10% under an RCP 4.5 scenario during the early
(2030s) and mid-century periods (2060s).

Under the RCP 8.5 scenario snowmelt is also the most affected water
balance component of the basin in future. The average annual snowmelt
is expected to increase by 45% during the 2030s and by as much as 90%
in amid and late century. Both winter and monsoon precipitation are
projected to increase, at maximum during the 2090s under the RCP
8.5 scenario.

Notably, an increase in water yield is projected with a maximum in
the dry season, that too, by over 50% during the 2090s under RCP 8.5.
However, not unexpectedly, the amount of water yield increment
(mm) is higher during the monsoon.

Compared to the baseline period (1990s), the average annual pre-
cipitation in the basin will increase most, by about 20%, during the
2090s under RCP 4.5. Snowmelt is projected to increase to the
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maximum level by the end of the century by >80% under an RCP 8.5 sce-
nario. Likewise, evapotranspiration is expected to increase approxi-
mately by 7% and 14% during the late century under RCP 4.5 and RCP
8.5 scenarios, respectively. Nepal (2016) also expected more evapo-
transpiration in the Koshi basin (16%) by then. Water yield would
most increase during the 2090s, by 41% and 51% under RCP 4.5 and
RCP 8.5, respectively.

3.2.5. Impact on snowmelt

Snowfall and snowmelt from a frequent annual cycle at higher ele-
vation of the basin and are an integral part of the overall hydrological
cycle. Since temperature is their major driving factor, higher tempera-
tures are expected to influence their annual cycle. The combination of
expected, erratic rainfall behaviour and higher maximum and minimum
temperatures in the basin, will bring about changes in snowfall and
snowmelt significantly. In our study, we analyzed the impact of climate
change on the future spatial distribution of snowmelt that was contrib-
uting to the stream flow of the Kaligandaki River, under both RCP 4.5
and RCP 8.5 scenarios.

Fig. 8 shows a spatial increase in the amount of snowmelt (mm) dur-
ing the 2030s, 2060s, and 2090s compared to the reference period
(1990s) under RCP 4.5 and RCP 8.5 scenario. The spatial distribution
shows very little or no snowmelt at lower elevations; it is not affected
by climate change under RCP 4.5. The lower basins are located at
lower elevations, so the temperature is relatively higher there and no
snowfall is observed. Obviously, snowmelt is most at the higher eleva-
tion sub-basins, and it is expected to increase over time. The highest in-
crease (up to 30 mm) is projected during the 2090s under RCP 4.5.

The lower basin shows a minimum effect of climate change on
snowmelt under the RCP 8.5 scenario as well. There is a significant

R3°15'0"F S400"F 84°420"F. 83150

increase in future scenarios for individual sub-basins at higher altitudes.
The maximum increase (ranging 20-40 mm) was projected in the mid
and upper basins. A progressive increase in the amount of snowmelt
(mm) was observed at higher elevations, with expected maxima during
the 2090s under this scenario.

3.2.6. Impact on evapotranspiration

Higher temperatures are expected to increase the evapotranspira-
tion of the basin temporally and spatially. This increase is projected
higher at upper and mid-basins during the 2090s, by 10-15% under
RCP 4.5 and 25-45% under RCP 8.5 compared to 1990s reference period.
Evapotranspiration is more pronounced at the upper and middle basins
at higher elevations than the lower basins at lower elevations. Bharati
et al. (2014) concluded similar results for the Koshi basin in Nepal.

Fig. 9 shows the change in spatial distribution of evapotranspiration
for different sub-basins during the 2030s, 2060s, and 2090s under RCP
4.5 and RCP 8.5 scenarios compared to 1990s reference period. The in-
crease in the rate of evapotranspiration is progressive in a future period,
as it is crucially affected by the increase in temperature in the basin. The
gradual increase in the future projected temperature will eventually
cause the evapotranspiration to rise as well. Combining the effect of a
change in precipitation with the increase in temperature will signifi-
cantly influence the evapotranspiration of the basin. A mild increase
was observed during the 2030s under the RCP scenarios, ranging from
0 to 15%. A moderate increase (up to 20%) is projected during the
2060s. Maximum evapotranspiration is projected in a late century
(2090s) - up to 45% at the uppermost sub-basin of the study area. This
might be the influence of a projected increase in minimum and maxi-
mum temperatures, which causes a shortening of the snow-cover sea-
son in the sub-basins at a higher elevation and causes the largest
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Fig. 8. Spatial distribution of projected change in snowmelt (mm) of Kaligandaki basin for RCP 4.5 (top) and RCP 8.5 (bottom) compared to 1990s reference period.
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Fig. 9. Spatial distribution of projected change in evapotranspiration (%) of Kaligandaki basin for RCP 4.5 (top) and RCP 8.5 (bottom) compared to 1990s reference period.

increase in evapotranspiration (Dankers and Christensen, 2005). Higher
evaporation might decline natural grassland coverage and the grass
yield in the upper part of the Kaligandaki basin.

3.2.7. Impact on water yield

Water yield takes into account the surface runoff, lateral flow,
groundwater flow, transmission losses, and pond abstraction. The
increase in water yield is relatively higher in the upper and mid
basins. It is expected to increase by no >30% in lower basins over
time. The maximum increase was observed in the upper basin
(60-100%).

The maximum increase in water yield at higher basins indicates that
the high mountain regions are more vulnerable to climate change than
the flatlands in the lower basins. The lower basins are snow-free
throughout the whole year and are not affected by the snowmelt if
the analysis is considered individually for sub-basins. However, snow-
melt plays a crucial role in the water yield of the upper basins. The con-
tribution of snowmelt is most in the upper basins and hence is
responsible for the largest percentage increase in water yield in that re-
gion (Fig. 10).

In addition, the increase in precipitation yields more water. In com-
parison to temperature and precipitation, other input variables such as
radiation, relative humidity, and wind speed have a less significant ef-
fect on water yield (Stonefelt et al., 2000).

The water yield is projected to increase by 8-60% during the 2030s.
This increase is aggravated and expected to increase up to as much as
100% at a higher altitude during the 2090s. The increase in water yield
for the middle basin, however, is expected to be about 80% and up to
40% at the lower basins during the late century.

4. Discussion

Water balance components and the influence of climate change
have significant implications for water resource planning and manage-
ment. The increase in discharge can have both a positive and negative
influence in the future period for water resource management and
planning.

The Kaligandaki basin is being developed as a major hub for hydro-
power electric generation. It also houses the nation's largest hydropow-
er plant, the Kaligandaki ‘A’ hydropower plant with an installed capacity
of 144 MW.

All hydropower plants currently under operation are based on a Run
of the River (ROR) design. The amount of electricity generated from this
design is heavily dependent on the daily discharge. As the future dis-
charge is expected to increase, a ROR type of hydropower plant like
the Kaligandaki ‘A’ can hugely benefit from climate change.

Although the increase in discharge in the monsoon does not affect
hydropower production efficiency, the production can benefit from an
increase in discharge during the dry season. In that season, an ROR hy-
dropower plant always generates less electricity than its designed ca-
pacity. Projections show an increase in discharge around 20% (RCP 4.5,
2030s) during the dry season. The average increase in dry season dis-
charge during the late century (RCP 8.5, 2090s) can reach as much as
35%. This might be advantageous for the hydropower plant since more
energy can be produced.

A study carried out in the Upper Tamakoshi Hydropower Project in
Nepal, which is in the Koshi basin, shows that a higher stream flow is ex-
pected which results in the average annual energy production in the
project by about 4% during the late century (Shrestha et al., 2016). The
higher energy production is mostly contributed by the increase in



846 A.R. Bajracharya et al. / Science of the Total Environment 625 (2018) 837-848

$37150°L BE00'L 83150 $1900"E 33 I30°R ad
i f h ) i d
b Z a
=10 10 20 40 60 50 o 2 =|0 w20 A ol 0 pr—
-‘?.. Kms N :_:_ LS - kel T, e —— — K 05 & Reoon N
2 s = s 4
; A |G k A
" Kaligandald Basin Kaligandaki Basin Kaligandaki Basin
20305 RCP 4.5 WY 2060s RCF 4.5 WY - -9 2090 RCP 4.5 WY (%)
z z ¢ ‘
=4 2 =4
g A o
& A &
81
. 91 - 100
101- 110 101 - 110
z Z £
B > &
i 7 7
i o1 Ll
83°150°F R4°00"T. X301 $4°0°0°1. §31S0°L BE00L
i A i L i 1
& 7 &
£lo 1 2 a0 6 1o w20 4 (% ’ 4 60 0o
;_— - N - . N :,';.“-:l)-:%u—o:u:{msf e N
A |- Ao A
4 o
2 _/‘ 1 ol 4 ~
Kaligandaki Basin i © " Kaligandaki Basin Kaligandaki Basin
20308 RCP 8.5 WY (%) 3 4 2060s RCP 8.5 WY (%) 20908 RCP 8.5 WY (%)
z K- 10 7 h_ 17 =
=3 11-20 =4 d 18-20 s
7 30 z 21-30 71 was
% 31 -40 & 31.40 |
11 - 50 11-50 9
51-60 51260 :
61 - 70 61-70
7180 [ 71 - %0
81-90 81-90
Yl - 100 91 - 104
101110 I 101-110
z e z
& s M
S & &

Fig. 10. Spatial distribution of projected change in water yield (%) of Kaligandaki basin for RCP 4.5 (top) and RCP 8.5 (bottom) compared to 1990s reference period.

discharge during the dry season and pre-monsoon season. The increase
in discharge during the pre-monsoon season is mostly attributed by an
increase in precipitation and earlier snowmelt because of higher,
projected temperatures.

An increase in temperature in the Kaligandaki basin is more pro-
nounced in upper elevation basins than lower elevation basins. This
could be of serious concern because the glacier and glacier lakes are
dominant features of high elevation zones in the Kaligandaki basin.
There are >2300 glacier lakes in Nepal at an elevation above 3500 m
(Mool et al., 2001). Glacier lakes are formed by the accumulation of run-
off from the glacier and snowmelt in natural depressions.

The water level in these lakes is increasing at an alarming rate due
to deglaciation caused by climate change. A higher lake level poses
the serious threat of a glacier lake outburst flood (GLOF). A GLOF
phenomenon occurs as a result of the failure of glacier lakes to retain
the extra water, resulting in the release of a large amount of water
downstream. Such an event has the potential of causing catastrophic
damage to people and infrastructures downstream (Shrestha and
Aryal, 2011). A GLOF event occurred in 1985 in the Bhote Koshi
River in Nepal completely destroying the Namche Small Hydropower
plant and resulted in the loss of five lives (ICIMOD, 2011).
Bajracharya (2010) reported two unknown occurrences of GLOF in
the Kaligandaki Basin.

More than 1000 glaciers have been identified in the Kaligandaki
Basin covering an area of over 2000 km?. A study carried out by
ICIMOD, Nepal, reported 26 glacier lakes in the basin as of 2009, based
on satellite images (Ives et al., 2010). Bajracharya (2010) observed:
‘Warming temperature, 50 lakes are growing with the additional forma-
tion of 22 new glacier lakes at higher elevation in Nepal.’

As the increase in temperature results in glacier melt and an expan-
sion of glacier lakes, planning necessary precautions and mitigation
measures is essential to prevent any catastrophic disaster in future
resulting from a GLOF.

5. Conclusion

The effect of climate change on water resources is discerned as one
of the key challenges in the Hindu Kush Himalayan Region. Climate
change has a prominent effect on the temporal and spatial variation of
water balance components in the Kaligandaki basin of Nepal.

Future projected climate variables (precipitation and temperature)
from downscaled CMIP5 GCM models were forced into a Soil and
Water Assessment Tool (SWAT)-based hydrological model to study
the impact of projected climate change on the hydrological regime of
the Kaligandaki basin.

The extreme projection of an RCP 8.5 scenario shows that the aver-
age annual temperature of the basin is expected to increase by >4 °C.
Likewise, the average annual precipitation in the basin is projected to
increase by as much as 26% during the late century under an RCP 8.5 sce-
nario. The synergetic effect of an increase in temperature and precipita-
tion shows the aggravated effect on the discharge and water yield with
an increase of >50% at the outlet of the basin. Snowmelt largely contrib-
utes to the increase in discharge, for snowmelt is anticipated to increase
by as much as 90% during the 2090s.

In general, there does not seem to be a problem of water availability
in the Kaligandaki basin in this century considering a projected increase
in precipitation, snowmelt, water yield, and discharge. Our research fur-
ther concluded that the water balance components at higher elevations
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of the upper and mid sub-basins of the Kaligandaki basin will be most
affected compared to the basins at a lower elevation.

Our research findings could contribute to an effective management
and planning of water supply and demand in the Kaligandaki basin con-
sidering the effect of climate change. Several hydropower projects
under operation and prospective hydropower plants could benefit
from this research. Particularly so, because they could help understand
the future hydro-climate variability, which is important for designing
hydropower plants.

In general, the effect of climate change could be beneficial for
harnessing the maximum benefit from reliable water availability from
the catchment, but its negative effects such as floods and GLOF will be
hard to ignore.

Acknowledgement

This work was carried out by the Himalayan Adaptation, Water and
Resilience (HI-AWARE) consortium under the Collaborative Adaptation
Research Initiative in Africa and Asia (CARIAA) with financial support
from the UK Government's Department for International Development
and the International Development Research Centre, Ottawa, Canada
(107641-001).

The work was also partially supported by core funds of ICIMOD con-
tributed by the governments of Afghanistan, Australia, Austria,
Bangladesh, Bhutan, China, India, Myanmar, Nepal, Norway, Pakistan,
Switzerland, and the United Kingdom.

Disclaimer

The views expressed in this work are those of the authors and do not
necessarily represent those of the UK Government's Department for In-
ternational Development, the International Development Research Cen-
tre, Canada or its Board of Governors.

In addition, they are not necessarily attributable to ICIMOD and do
not imply the expression of any opinion by ICIMOD concerning the legal
status of any country, territory, city or area of its authority, or
concerning the delineation of its frontiers or boundaries, or the endorse-
ment of any product.

References

Alexander, L.V., Zhang, X., Peterson, T.C., Caesar, ]., Gleason, B., Klein Tank, AM.G,, ...
Tagipour, A., 2006. Global observed changes in daily climate extremes of temperature
and precipitation. ]. Geophys. Res. Atmos. 111 (D5).

Arnold, ].G., Srinivasan, R., Muttiah, R.S., Williams, ].R., 1998. Large area hydrologic model-
ing and assessment part I: model development. J. Am. Water Res. Assoc. 34 (1),
73-89.

Babel, M.S., Bhusal, S.P., Wahid, S.M., Agarwal, A., 2014. Climate change and water re-
sources in the Bagmati River Basin, Nepal. Theor. Appl. Climatol. 115 (3-4), 639-654.

Bajracharya, S.R., 2010. Glacial lake outburst flood disaster risk reduction activities in
Nepal. Int. ]. Erosion Control. Eng. 3 (1), 92-101.

Bharati, L., Gurung, P., Jayakody, P., 2012. Hydrologic characterization of the Koshi Basin
and the impact of climate change. Hydro Nepal: ]J. Water Energy Environ. 11 (1),
18-22.

Bharati, L, Gurung, P., Jayakody, P., Smakhtin, V., Bhattarai, U., 2014. The projected impact
of climate change on water availability and development in the Koshi Basin, Nepal.
Mt. Res. Dev. 34 (2), 118-130.

Bhattarai, B.C,, Regmi, D., 2016. Impact of climate change on water resources in view of
contribution of runoff components in stream flow: a case study from Langtang
Basin, Nepal. . Hydrol. Meteorol. 9 (1), 74-84.

Bolch, T., Kulkarni, A., Kddb, A., Huggel, C., Paul, F,, Cogley, J.G., ... Bajracharya, S., 2012. The
state and fate of Himalayan glaciers. Science 336 (6079), 310-314.

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 Surf. 115 (F3).

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.

Dankers, R., Christensen, O.B., 2005. Climate change impact on snow coverage, evapora-
tion and river discharge in the sub-arctic Tana Basin, northern Fennoscandia. Clim.
Chang. 69 (2), 367-392.

Fontaine, T.A., Cruickshank, T.S., Arnold, ].G., Hotchkiss, R.H., 2002. Development of a
snowfall-snowmelt routine for mountainous terrain for the soil water assessment
tool (SWAT). ]. Hydrol. 262 (1), 209-223.

Gupta, H.V,, Sorooshian, S., Yapo, P.0., 1999. Status of automatic calibration for hy-
drologic models: comparison with multilevel expert calibration. J. Hydrol. Eng.
4 (2),135-143.

Hartman, M.D., Baron, J.S., Lammers, R.B., Cline, D.W., Band, L.E., Liston, G.E., Tague, C.,
1999. Simulations of snow distribution and hydrology in a mountain basin. Water
Resour. Res. 35 (5), 1587-1603.

ICIMOD, 2011. Glacial Lakes and Glacial Lake Outburst Floods in Nepal. ICIMOD,
Kathmandu, pp. 1-90.

Immerzeel, W.W., Droogers, P., De Jong, S.M., Bierkens, M.F.P., 2009. Large-scale monitor-
ing of snow cover and runoff simulation in Himalayan river basins using remote sens-
ing. Remote Sens. Environ. 113 (1), 40-49.

Immerzeel, W.W., Van Beek, L.P., Bierkens, M.F., 2010. Climate change will affect the Asian
water towers. Science 328 (5984), 1382-1385.

Immerzeel, W.W., Van Beek, L.P.H., Konz, M., Shrestha, A.B., Bierkens, M.F.P., 2012. Hydro-
logical response to climate change in a glacierized catchment in the Himalayas. Clim.
Chang. 110 (3-4), 721-736.

Immerzeel, W.W., Pellicciotti, F., Bierkens, M.F.P., 2013. Rising river flows throughout the
twenty-first century in two Himalayan glacierized watersheds. Nat. Geosci. 6 (9):
742-745. https://doi.org/10.1038/ngeo1896.

IPCC, 2007. In: ML, Parry, Canziani, O.F,, Palutikof, ].P., van der Linden, P.J., Hanson, C.E.
(Eds.), Impacts, Adaptation and Vulnerability. Contribution of Working Group II to
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change.
2007. Cambridge University Press, Cambridge.

IPCC, 2014. Climate Change 2014-Impacts, Adaptation and Vulnerability: Regional As-
pects. Cambridge University Press.

Ives, ].D., Shrestha, R.B., Mool, P.K., 2010. Formation of Glacial Lakes in the Hindu Kush-
Himalayas and GLOF Risk Assessment. ICIMOD, Kathmandu, pp. 10-11.

Khadka, D., Babel, M.S., Shrestha, S., Tripathi, N.K,, 2014. Climate change impact on glacier
and snowmelt and runoff in Tamakoshi basin in the Hindu Kush Himalayan (HKH)
region. J. Hydrol. 511, 49-60.

Khadka, A., Devkota, L.P., Kayastha, R.B., 2015. Impact of climate change on the snow hy-
drology of Koshi River basin. J. Hydrol. Meteorol. 9 (1), 28-44.

Kharin, V.V, Zwiers, FW., Zhang, X., Wehner, M., 2013. Changes in temperature and pre-
cipitation extremes in the CMIP5 ensemble. Clim. Chang. 119 (2), 345-357.

Knutti, R, Sedlacek, J., 2013. Robustness and uncertainties in the new CMIP5 climate
model projections. Nat. Clim. Chang. 3 (4):369-373. https://doi.org/10.1038/
nclimate1716.

Kundzewicz, ZW., Mata, L., Arnell, N.W., Déll, P., Kabat, P., Jiménez, B., ... Scott, M.J., 2007.
Climate Change 2007 - The Physical Science Basis, Science. Cambridge University
Press, Cambridge.

Lutz, AFF., 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. Chang.
4 (7), 587.

Lutz, AF., ter Maat, HW., Biemans, H., Shrestha, A.B., Wester, P., Immerzeel, W.W.,
2016. Selecting representative climate models for climate change impact stud-
ies: an advanced envelope-based selection approach. Int. J. Climatol. 36 (12),
3988-4005.

Mishra, B., Babel, M.S., Tripathi, N.K., 2014. Analysis of climatic variability and snow cover
in the Kaligandaki River basin, Himalaya, Nepal. Theor. Appl. Climatol. 116 (3-4),
681-694.

Mool, P.X, Bajracharya, S.R., Joshi, S.P., 2001. Inventory of Glaciers, Glacial Lakes and Gla-
cial Lake Outburst Floods Monitoring and Early Warning Systems in the Hindu Kush
Himalayan Region, Nepal. ICIMOD, Kathmandu, p. 363.

Moriasi, Daniel N., et al., 2007. Model evaluation guidelines for systematic quantification
of accuracy in watershed simulations. Trans. ASABE 50 (3), 885-900.

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.

Neitsch, S.L., Arnold, J.G., Kiniry, J.R., Williams, J.R., King, KW., 2009. SWAT Theoretical
Documentation Version 2009. Blackland Research Center, Temple, TX.

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.

Palazzoli, I, Maskey, S., Uhlenbrook, S., Nana, E., Bocchiola, D., 2015. Impact of prospective
climate change on water resources and crop yields in the Indrawati basin, Nepal.
Agric. Syst. 133, 143-157.

Poitras, V., Sushama, L., Seglenieks, F., Khalig, M.N., Soulis, E., 2011. Projected changes to
streamflow characteristics over western Canada as simulated by the Canadian RCM.
J. Hydrometeorol. 12 (6), 1395-1413.

Praskievicz, S., Chang, H., 2009. A review of hydrological modelling of basin-scale climate
change and urban development impacts. Prog. Phys. Geogr. 33 (5), 650-671.

Price, K., Purucker, S.T., Kraemer, S.R., Babendreier, J.E., Knightes, C.D., 2014. Comparison
of radar and gauge precipitation data in watershed models across varying spatial
and temporal scales. Hydrol. Process. 28 (9), 3505-3520.

Rangwala, I, Sinsky, E., Miller, ].R., 2013. Amplified warming projections for high altitude
regions of the northern hemisphere mid-latitudes from CMIP5 models. Environ. Res.
Lett. 8 (2), 024040.

Shea, .M., Immerzeel, W.W., Wagnon, P., Vincent, C., Bajracharya, S., 2014. Modelling gla-
cier change in the Everest region, Nepal Himalaya. Cryosphere Discuss. 8 (5),
5375-5432.

Shrestha, A.B., Aryal, R, 2011. Climate change in Nepal and its impact on Himalayan gla-
ciers. Reg. Environ. Chang. 11 (1), 65-77.

Shrestha, S., Bajracharya, A.R., Babel, M.S., 2016. Assessment of risks due to climate
change for the upper Tamakoshi hydropower project in Nepal. Clim. Risk
Manag. 14, 27-41.

Singh, P., Kumar, N., 1997. Impact assessment of climate change on the hydrological re-
sponse of a snow and glacier melt runoff dominated Himalayan River. J. Hydrol.
193 (1), 316-350.


http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0005
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0005
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0010
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0010
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0010
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0015
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0015
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0020
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0020
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0025
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0025
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0025
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0030
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0030
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0030
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0035
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0035
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0035
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0040
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0040
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0045
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0045
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0045
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0050
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0050
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0055
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0055
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0055
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0060
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0060
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0060
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0065
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0065
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0065
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0070
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0070
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0075
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0075
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0080
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0080
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0080
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0085
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0085
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0090
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0090
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0090
https://doi.org/10.1038/ngeo1896
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0100
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0100
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0100
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0100
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0105
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0105
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0110
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0110
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0115
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0115
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0115
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0120
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0120
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0125
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0125
https://doi.org/10.1038/nclimate1716
https://doi.org/10.1038/nclimate1716
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0135
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0135
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0140
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0140
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0140
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0145
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0145
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0145
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0150
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0150
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0150
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0155
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0155
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0155
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0160
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0160
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0165
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0165
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0170
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0170
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0175
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0175
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0180
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0180
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0180
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0185
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0185
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0185
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0190
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0190
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0195
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0195
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0195
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0200
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0200
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0200
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0205
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0205
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0205
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0210
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0210
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0215
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0215
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0215
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0220
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0220
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0220

848 A.R. Bajracharya et al. / Science of the Total Environment 625 (2018) 837-848

Singh, ., Knapp, H.V., Demissie, M., 2004. Hydrologic Modeling of the Iroquois River Wa- Viviroli, D., Du, H.H., Messerli, B., Meybeck, M., Weingartner, R., 2007. Mountains of the
tershed Using HSPF and SWAT. (ISWS CR 2004-08). Illinois State Water Surv, World, Water Towers for Humanity: Typology, Mapping, and Global Significance.
Champaign. 43:pp. 1-13. https://doi.org/10.1029/2006 WR005653.

Stonefelt, M.D., Fontaine, T.A., Hotchkiss, R.H., 2000. Impacts of climate change on water van Vuuren, D.P.,, Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., ... Rose,
yield in the upper Wind River basin. ]. Am. Water Resour. Assoc. 36 (2), 321-336. S.K., 2011. The representative concentration pathways: an overview. Clim. Chang.

Trenberth, K.E., Dai, A,, Rasmussen, R.M., Parsons, D.B., 2003. The changing character of 109 (1):5-31. https://doi.org/10.1007/s10584-011-0148-z.

precipitation. Bull. Am. Meteorol. Soc. 84 (9), 1205-1217.


http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0225
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0225
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0225
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0230
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0230
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0235
http://refhub.elsevier.com/S0048-9697(17)33765-8/rf0235
https://doi.org/10.1029/2006WR005653
https://doi.org/10.1007/s10584-011-0148-z

	Climate change impact assessment on the hydrological regime of the Kaligandaki Basin, Nepal
	1. Introduction
	2. Materials and methods
	2.1. Study area
	2.2. Hydro-meteorological stations in the Kaligandaki basin
	2.3. Climate change data for the basin
	2.4. Hydrological modeling
	2.5. Evaluation of the performance of SWAT model

	3. Results
	3.1. Model development
	3.2. Climate change analysis
	3.2.1. Projected precipitation
	3.2.2. Projected temperature
	3.2.3. Impact on discharge
	3.2.4. Impact on water balance components
	3.2.5. Impact on snowmelt
	3.2.6. Impact on evapotranspiration
	3.2.7. Impact on water yield


	4. Discussion
	5. Conclusion
	section20
	Acknowledgement
	Disclaimer
	References


