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with erratic rainfall patterns across the globe. In this regard, the Koshi Basin in the Himalayan
region is also impacted, and it is important to understand the spatio-temporal details of the
impact in the basin under future climate change. This study assessed the potential climate change
and its impact on the hydrological regime using the Soil and Water Assessment Tool (SWAT) and
Indicators of Hydrological Alteration (IHA) based on RCP4.5 and RCP8.5 of ensemble downscaled
CMIP5 GCM runs.

New hydrological insights for this region: Results show the upper part of the basin warming faster
than the lower part, the pre-monsoon season warming more than other seasons. There is no clear
uniform trend in precipitation. However, the southeastern part of the basin will get more pre-
cipitation. Sub-basins will get more precipitation during the post-monsoon under RCP4.5, and
during the monsoon under RCP8.5. The annual water availability will not decline but water
availability within seasons and regions is projected to be highly variable. There is also a change in
the spatial pattern of river discharge and the western part of the basin is likely to experience more
impact. Therefore, these findings will be valuable in identifying how particular sub-basins within
the Koshi Basin will be impacted by climate change and in stipulating effective planning and
management of water resources for the future.

1. Introduction

The Himalayas are one of the world’s regions that are highly sensitive to changing climates (Yao et al., 2019). There is a noticeable
increase in temperatures in the Himalayas, higher than the global average with an increase in erratic rainfall patterns (Sharma et al.,
2019). The area has warmed by around 1.8 °C over the past half-century, considerably higher than the warming rates for the Northern
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Hemisphere and the global mean (Yang et al., 2014; Kang et al., 2010; Liu and Chen, 2000). Seasonal and annual temperatures have
also risen in higher-elevation areas across the Himalayas (Yao et al., 2019; Liu and Chen, 2000). This fast warming has had a great
effect on the Himalayan environment and most noticeably in the rapid retreat of Himalayan glaciers and shrinking snow areas
(Kulkarni et al., 2013). Similarly, earlier studies have reported that Hindu-Kush Himalayan (HKH) region and Tibetan Plateau have
experienced a significant change in precipitation events over the past decades (Zhan et al., 2017). However, some studies have
revealed a significant change in recent extreme precipitation events in some regions of the HKH (Zhan et al., 2017). These changes in
the temperature and precipitation ultimately affect the volume and timing of river flows. More broadly, climate change has notably
altered the hydrological cycle, the shift in snowline, water availability, water balance, flow regime and soil moisture in the Himalayan
region.

Temperature is one of the vital factors and also the most sensitive parameter in climate science. An ongoing temperature analysis
conducted by scientists at NASA reported the average global temperature on earth has increased by about 1.1 °C since 1880 (Source:
https://earthobservatory.nasa.gov/world-of-change/global-temperatures). In addition, the global annual average temperature rises
by 1 °Cin 2016 and 0.98 °C in 2020 resulting in the first and second warmest year since 1880 (NOAA, 2021). Looking at the rate of
change, it can be projected that there is likely to be an ongoing significant increase in temperature in the Himalayan region in the
future. Earlier studies indicate projected temperature change, but those changes might vary according to space and time in terms of
magnitude and rate of change (Kulkarni et al., 2013; Knutti and Sedlacek, 2013; Lutz et al., 2016a). For instance, Kulkarni et al. (2013)
highlighted that warming was projected to rise by 4.6 °C in Western Himalayas, 4.3 °C in Central Himalayas and 4.1 °C in Eastern
Himalayas by 2100. As far as the Koshi Basin, the mean temperature is likely to increase by 4.6 °C under RCP4.5, while 7 °C under
RCP8.5 by 2100 (Kaini et al., 2019).

Precipitation in the Himalayan region is most affected by the Indian summer monsoon as well as the winter westerlies precipitation
and varies according to space and time. The monsoon decreases from southeast to northwest whereas the influence of the westerlies
decreases from west to east (Nie et al., 2021). Precipitation is the major freshwater contribution to the hydrological system in the
Himalayan region (Perry et al., 2020). Kulkarni et al. (2013) showed that Indian summer monsoon precipitation is likely to increase by
20-40% at the end of this century. In the Koshi Basin, most studies project that rainfall is likely to increase during the monsoon and
decrease during winter, while the increase is likely to be more in the southern part compared to the northern part (Kaini et al., 2019;
Rajbhandari et al., 2016). Furthermore, there is likely to be an increase in the future frequency and intensity of extreme precipitation
events, for instance, the number of dry days, consecutive dry days, and very wet days. Overall, several studies suggest that the ir-
regularities in precipitation are expected to increase in the coming periods (Kulkarni et al., 2013; Immerzeel et al., 2012; Kumar et al.,
2011; Jeelani et al., 2012).

Projected changes in the temperature along with precipitation patterns and intensity are likely to change river flow regimes
resulting in flow variability and uncertainty in water availability (Dixit et al., 2009). The visible impact of climate change is even more
palpable in the upstream part of the Himalayan region (Immerzeel et al., 2010; Viviroli et al., 2007). However, the response of
changing climate to river flow is likely to differ within the basins of the Himalayas due to the source of runoff and hydrological
processes varying by location and season (Immerzeel et al., 2012). For instance, the runoff is governed by snow and glacier melt in
most of the upper part of the Himalayan basin whereas the runoff in the lower part of the basin is governed by rainfall and groundwater
with minimal contribution of snow and glacier melt. Climate change is likely to impact the long-term monthly, seasonal, and annual
flow of rivers together with changes in the timing of peak flow and variability of high and low river flows under future climate sce-
narios (Stagl and Hattermann, 2016). Thus, changes in river flows have an important impact on water such as water availability,
irrigation, flood management, and overall water resources planning. Furthermore, changes in water availability can affect the
water-dependent ecosystem and its associated services (hydropower, fisheries, irrigated agriculture etc.) which will influence many
people’s livelihoods depending on riverine ecosystem services. The Koshi Basin is one of the most populated basins in Nepal where the
livelihood of these communities is mainly dependent upon the hydrological regime and its associated river ecosystem services. Studies
suggest that there are likely to be considerable impacts on water resources with severe consequences for the livelihoods of communities
in the Koshi Basin due to climate change projection (Macchi and ICIMOD, 2010; Bhatta et al., 2015). Thus, there is an urgent need to
understand the potential climate change and its impact on the hydrological regime in the Koshi River basin.

The Koshi Basin is characterized by extreme topographic and climate heterogeneity. The orography (mountain land altitude) and
lapse rate (the rate at which air temperature falls with increasing altitude) in the Koshi Basin differ vastly across the sub-basins, from
the southern plains to the northern Himalayas as well as from the eastern to the western region of the basin. This means the regional
differences in climate in the Koshi Basin. Thus, changes in climate and their impacts will vary across the sub-basins of the Koshi Basin
as well as regional differences in the response of flow in the basin. Detail regional studies highlighted that Himalayan regions are likely
to experience noticeable climate change with an increase in temperature and erratic rainfall that will lead to significant hydrological
changes but what is unknown is how much of a spatio-temporal impact Koshi Basin will have in future in terms of climate change as
well as what will be the response of the hydrological regime to this changing climate. In this regard, the major consequences of climate
change will depend on the temporal and spatial scales. Therefore, we hypothesize that the impacts of climate change are scale-
dependent, and impacts are likely to be highly variable depending on temporal (intra-seasonal) and local spatial scale rather than
being uniform across the entire basin and on an annual scale. Furthermore, most climate change studies to date have considered the
Koshi Basin as an entirety (MoFE, 2019) as well as only occasional consideration of future climate change scenarios up to 2100
including comparisons among different sub-basins. Therefore, spatiotemporal impact assessment and comprehensive multi-scale as-
sessments are needed to understand the nature and extent of the expected climate change as well as the response of the hydrological
regime and that’s what this paper is all about.
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2. Data and methods
2.1. Study area

The Koshi Basin is a lifeline for local inhabitants because it provides fresh water for household use, irrigation, farming, and
livestock (Shrestha et al., 2017). The basin has a large potential for hydropower development and plays a key role in the irrigation of
downstream areas. It contains rich biodiversity and is a source of valuable ecosystem services that directly sustain the lives and
livelihoods of the 40 million basin residents, including the population in the Indian part of the basin (Wahid et al., 2017). It is a
transboundary basin shared by China, Nepal and India. In this study, we included only the Chinese and Nepalese parts until the Koshi
River flows into the plains (Fig. 1). It has a catchment area of 55,930 km? at Nepal — India border, of which approximately 51% is in
China and 49% in Nepal. The river originates in the Tibetan Plateau, passing across eastern Nepal and ultimately joining the Ganges.
Within the basin, the elevation varies from about 65 m in the southern region to 8848 m (Mount Everest peak) in the northern regions
above the mean sea level. The slopes in the basin range from 0° in the south to 84° in the north (Mishra et al., 2019). This variation in
elevation results in vastly different climatic zones, from humid tropical in the lower plain area to arctic in the high Himalayas (Dixit
et al., 2009). In the Nepalese section, there are four distinct climatic seasons: winter (December-February), pre-monsoon (March--
May), monsoon (June-September) and post-monsoon (October-November). The Koshi River basin is comprised of six major phys-
iographic zones — the Tibetan Plateau, High Himalaya, High Mountains, Middle Mountain, Siwalik, and Terai; each with unique
geology, topography and climate.

The Koshi Basin is characterized by extreme topography, climate heterogeneity and seasonal flow variability. The orography and
lapse rates of the Koshi Basin differ vastly within the basin (Pandey et al., 2020a). Furthermore, the basin is influenced by two synoptic
circulation systems i.e, easterlies (South Asian monsoon precipitation) during summer and westerlies (winter precipitation) during
winter. The climate in the southern part of the basin is strongly influenced by the South Asian monsoon, whereas the northern part of
the basin (Tibetan Plateau) lies in a rain shadow area. As a result, precipitation varies from 207 mm per year in the trans-Himalaya
region to 3000 mm per year in the eastern mountains (Shrestha et al., 2017). Winter precipitation plays a vital role in the accumu-
lation and melt of snow and ice. About 80% of the precipitation occurs in the monsoon season, intense with large local variation
because of orographic effects (Kaini et al., 2019). A large southern part of the basin in Nepal receives an average annual precipitation of
about 1800 mm (Bhatt et al., 2014). The upper part of the basin contains a huge amount of snow and glacier as a freshwater reserve

85°30'E 86°0'E 86°30'E 87°0'E 87°30'E 88°0'E 88°30'E
T T T T T T T

N i <

29°0N
T
'
M
y i
/5l/
B

India

Fd
o
©
o
o~

z
H 1%
3 &
z z
g &
& S

.+ Legend
S
A ‘\Meteorological stations
z A Hydrological stations (=
® S
o H ~
IS :| Selected sub-basin .~ |
[ Sub-basin
hatara hydrological station, , g vagatwork
. ] D Koshi boundary
irqm geh Sources: Esri, HERE, Garmin, Intermap, incfement P Corp., GEBCO, USGS, FAO (NRSyNRCAN, GeoBase, IGN
F3 0'510 20 30 40 . Kadaster NL, Ordnance Survey, Esri Japan, METI, Esti China (Hong Kong). (¢) OpenStreetMap contributors, and | 2
;?’ I:IIZ_:- Kllometlers . 4 fre GIS User Community 4 alpaigun : . 48
% 85°30E 86°0'E 86°30'E 87°0'E 87°30'E 88°0'E 88°30'E 89°0'E 89°30E @
Fig. 1. Location map and location of used hydrological and meteorological stations in the Koshi Basin, with the six sub-basins covered in this study.
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(Shrestha et al., 2017). The total glaciated area in the basin was 2984 km? with an estimated ice reserve of 295 km® and the total snow
cover area was 5458 km? (Khadka et al., 2016; Bajracharya et al., 2011). The annual average discharge in the Khurkot hydrological
station at Sun Koshi is 469 m®/s and in the Chatara hydrological station at Sapta Koshi is 1545 m3/s (Sinha et al., 2019).

The elevation variation within the basin is very sharp within a short areal distance, from 65 — 300 m a.s.l. in the southern plains, to
100 - 300 m a.s.l. in the foothills of the Siwalik region, while the middle mountain region has steep slopes and deep-cut valleys with an
elevation of 1000 - 3000 m a.s.l. The northern Himalayas with elevations above 3000 m a.s.l. up to 8848 m a.s.l., is generally above the
snow line (Dhital, 2015). Temperature varies considerably in the basin according to elevation. The northern part of the basin is very
cold with temperatures reaching — 19 °C (Dingri meteorological station) in winter and the southern lower part of the basin is very
warm with the temperature reaching 45 °C (Rajbiraj meteorological station) in summer. The mountains record the maximum tem-
perature in May, while the southern plains (Terai) reach the maximum in April. The annual evapotranspiration (ET) rates are generally
less than 1000 mm. However, some parts of the basin such as Sun Koshi have extremely high potential evapotranspiration and suffer
from frequent droughts and soil erosion (Wahid et al., 2017).

There is also a diversity of land-use across the basin. There is a clear dominance of grasslands (40.34%), followed by native forests
(24.45%), and then agriculture (12.45%). Other land-use types include barren land (11.26%), snow/ glaciers (9.45%), shrubland
(1.52%), natural water bodies (0.5%), and urban areas (0.03%) (Uddin et al., 2015).

2.2. Observed and historical data

Climate data (temperature and precipitation) in Nepal was collected from the Department of Hydrology and Meteorology (DHM),
Nepal. Additional climate data from Nielamu and Dingri stations within the Chinese part of the Koshi Basin was acquired from the
Tibet Meteorological Bureau. The network of temperature, precipitation and hydrological stations used in the SWAT model is given in
Fig. 1. Overall, daily data for the period of 1981-2010 from 11 temperature stations, 21 precipitation stations, and 2 hydrological
stations (Khurkot and Chatara) was used in this analysis. The land use data for 2010 at a 30 m resolution was obtained from Inter-
national Centre for Integrated Mountain Development (Uddin et al., 2015). The soil data was obtained from the Soil and Terrain
Database Programme (SOTER) (Dijkshoorn and Huting, 2009). SRTM DEM of 90 m x 90 m resolution was used to delineate the
watershed in the model.

2.3. Future climate scenario for the basin

For this study, we used a 10 km resolution future climate scenario dataset developed by Lutz et al. (2016a) for the Indus, Ganges,
and Brahmaputra (IGB) domains as a part of the Himalayan Adaptation, Water and Resilience (HI-AWARE) project. In this dataset, the
GCMs were tested using AR5 data downloaded from the CMIP5 model archive. In total 94 GCMs were tested for Representative
Concentration Pathway (RCP) 4.5 and 69 for RCP8.5 (Lutz et al., 2016b). This ensures that the entire range of possible future climates
in terms of temperature and precipitation change is included. For each model run, the normal annual difference in temperature and
precipitation for future 2071-2100 climate conditions over a reference period 1971-2000 was determined in terms of temperature
anomaly (AT) and percentage change of precipitation (AP), respectively (Lutz et al., 2016b). Based on the 10th and 90th percentile
values of these projected changes, four combinations of climatic conditions — dry and cold, dry and warm, wet and cold, and wet and
warm — were derived for each RCP. Finally, the model runs that were closest to the percentile values were selected to be included in the
model ensemble used for the climate change impact study as well as the percentile values were used to avoid outlier GCMs, which are
likely to be unreliable (Rajbhandari et al., 2016). Finally, eight GCMs were selected (Table 1), four for RCP4.5 and four for RCP8.5
based on the average annual response, changes in extreme behaviour in precipitation and temperature as well as validation of model
performance to climatic reference data. These climate models cover a wide range of possible futures and are also able to replicate the
most important processes in the region (Lutz et al., 2016b).

Overall, the following methods were used for the selection of climate models which perform better for the IGB domain (Lutz, a, b
et al., 2016).

1) The initial selection of the climate model from the entire pool of climate models is based on changes in mean air temperature and
annual precipitation mean sum.
2) Refined selection based on the projected change in four indices for climatic extremes.

Table 1
Selected climate models and scenarios as part of a study done by Lutz et al. (2016a).
RCP Projected Climate Conditions Selected GCM
RCP4.5 Warm, dry CMCC_CMS rlilpl
Warm, wet CSIRO-MK3-6.0_r4ilpl
Cold, wet BNU_ESM_rlilpl
Cold, dry inmem4 rlilpl
RCP8.5 Warm, dry CMCC_CMS rlilpl
Warm, wet CanESM2 r3ilpl
Cold, wet bee-esm1-1_rlilpl
Cold, dry inmem4_rlilpl




S.R. Bajracharya et al. Journal of Hydrology: Regional Studies 45 (2023) 101316
3) Final selection based on model skills in simulating the annual cycle of temperature and precipitation.

The selected climate scenario data was statistically downscaled and bias-corrected using the quantile mapping (QM) method. The
bias-corrected data was downscaled to 10 x 10 km spatial resolution by applying bilinear interpolation. The downscaled climate
scenario data from Lutz et al. (2016a) can be downloaded from http://rds.icimod.org/clim. For a detailed description of model se-
lection, statistical downscaling and bias correction method of climate data, readers are suggested to refer to Kaini et al. (2019), MoFE,
(2019), (Trzaska and Schnarr, 2014) and Lutz et al. (2016a); b). The Koshi River basin is a part of the Ganges Basin and Lutz et al.
(2016a) dataset was clipped by our study area for climate change analysis.

The selected eight GCM data were used to prepare an ensemble average of the four GCMs for each RCP4.5 and RCP8.5. This
provided two ensemble average data, each one for RCP4.5 and RCP8.5. These average ensemble data were prepared for daily time
steps for analysis. An ensemble average can reduce the overall uncertainty in model predictions (Pandey et al., 2019). Among four
RCPs, we used only two RCPs: i) extreme RCP8.5 which assumes the increased radiative forcing will stabilize at 8.5 W/m? in 2100 and
ii) medium stabilization scenario, RCP4.5 considers stabilization at 4.5 W/m? in 2100. We chose not to include RCP2.6 in the climate
model ensemble because robust, realistic climate change scenarios are required to support adaptation planning, as RCP2.6 requires
that carbon dioxide (CO») emissions start declining by 2020 and go to zero by 2100 which is highly unlikely. Furthermore, we excluded
RCP6 scenarios too because the range of changes from RCP4.5 and RCP8.5 scenarios covers the entire range of radiative forcing
resulting from RCP4.5, RCP6 and RCP8.5 (Lutz et al., 2016b). Table (1) shows the chosen climate model used for the study.

The climate change impact over the sub-basins was investigated by using future climate scenario data up to 2100. We used the GCM
climate dataset 1995s (1981 —2010) as the reference data period and 2025 s (2011-2040), 2055 s (2041-2070), and 2085 s
(2071 —2100) as the projected future data period covering 30 years to determine the change in climate as well as its response on
hydrology between the reference and future projection in the Koshi Basin.

2.4. Uncertainty analysis

There will always be some degree of uncertainty in future climate projections because of the different representation of atmospheric
processes in the GCMs and the development of future socio-economic pathways. As well as a lack of understanding of atmospheric
processes and observation, limitations in the structure of GCM models and highly variable simulation uncertainty also contribute to the
overall uncertainty in projection scenarios. Considering these uncertainties in climate change projections is important for decision-
making and developing adaptation strategies (MoFE, 2019). The uncertainties in the future projections can be understood using re-
sponses among the selected models and the RCPs (Change, 2014).

In this study, uncertainty analysis for precipitation and temperature projections was carried out based on the following approaches.

1) The uncertainties are represented by the responses among the models for RCP4.5 and RCP8.5.

2) The uncertainties are represented by the inter-quantile range among the models for RCP4.5 and RCP8.5 for the different time
periods.

3) Agreement on decrease or increase in the change of climate variables among multiple models compared to the reference period.

2.5. Hydrological modelling

The hydrological model SWAT (Winchell et al., 2013; Arnold et al., 1998) was used to simulate the hydrological processes under
present and future climate conditions. It is the combination of the basin-scale model with GIS (Srinivasan and Arnold, 1994) and uses
spatial data (soil type, land cover/land use and elevation) and temporal data (climate data) to represent the hydrological performance
of the heterogeneous catchments. It is a complete model incorporating surface land and channel environmental processes as well as
combining studies of water quality, water quantity and climate change. It is capable of simulating hourly, daily, monthly and yearly
data over long periods (Picchio et al., 2020).

The final outlet was defined at the Chatara hydrology station to delineate the sub-basins of the Koshi River Basin (Fig. 1). This
resulted in the creation of 27 sub-basins and 35 hydrological response units (HRU). HRU is the smallest unit of the basin and is a
combination of unique soil types, land features, and slope classification (Shrestha et al., 2016). From 27 sub-basins, we selected only
six sub-basins 1, 2, 3, 4, 5 and 6. These sub-basins were spatially distributed in the Koshi Basin from east to west and north to south,
where sub-basin 1 is the northern sub-basin; 2 is the western sub-basin; 3 is the eastern sub-basin; 4 is the central sub-basin; 5 is the
southwestern sub-basin, and 6 is the southeastern sub-basin in the lower outlet in Koshi (Fig. 1). The reason for selecting these
sub-basins compared to other sub-basins was based on the criteria of influence of monsoon (east to west and south to north precip-
itation gradients) and the criteria of influence temperature variability (north to south). As well as these sub-basins represent the
trans-Himalayan, high Himalayas, middle mountain and southern plain - the physiographic region of the basin. Most sub-basins where
no observation and monitoring stations are excluded from analysis and reporting. For instance, the northern part of the sub-basins
(Fig. 1).

Elevation bands were created to model the process of snowmelt and orographic distribution from temperature and precipitation in
SWAT. The model generates the elevation band automatically based on the area coverage percentage. An elevation band helps in
discretizing the topographic influence of temperature and precipitation on snowmelt and discharge (Bajracharya et al., 2018). Each
sub-basin in the model was divided into ten elevation bands, and each band was assigned a mean elevation and area coverage per-
centage. The SWAT model applies the following mass balance equation (Arnold et al., 1998) to simulate the hydrology within a



S.R. Bajracharya et al. Journal of Hydrology: Regional Studies 45 (2023) 101316

sub-basin:

SW, = SWo+ Y (Raay = Qg — Ea—=wseer — Q) @

i=1

Where SW¢: soil water content at time step t, SWo: initial soil water content, R4ay: daily precipitation, Qsyf: runoff, E,: evapotrans-
piration, Wgeep: percolation, and Qgy: groundwater flow.

To accommodate the snowmelt (i.e., melted water from snowfall and snow cover) dynamics in the hydrological analysis, SWAT
classifies precipitation as rain or snow by comparing the mean daily temperature with the user-defined air temperature threshold. The
snowmelt in SWAT is calculated as a linear function of the difference between average snowpack-maximum air temperature and
snowmelt threshold temperature by using the following formula (Neitsch et al., 2011):

TSIIOW + Tmax
SNOuit = byiSNOcov0 — 5 Im (2)

Where SNOyi: daily snowmelt amount (mm), by: daily melt factor (mm/day’ C), SNO,oy: the fraction of HRU area covered by

snow, Tspow: daily snowpack temperature (°C), Tayx: daily maximum air temperature, and Tpyy: the optimum temperature for snowmelt

©.
2.6. Evaluation of the performance of the SWAT model

Model evaluation is essential to measure the consistency of its output. It is considered reliable if the evaluation statistics fall within
an acceptable limit (Moriasi et al., 2007). Accordingly, a model is considered suitable for monthly river flow simulation, if Percent Bias
(PBIAS) is within + 15% and Sutcliffe Simulation Efficiency (NSE) is above 0.75 (Bajracharya et al., 2018). We calculated the PBIAS,
NSE, and Coefficient of Determination (R?) to verify our SWAT results. The SWAT model was calibrated and validated at two points:
the Khurkot hydrological station on Sun Koshi River which is the tributary of the Koshi River and the Chatara hydrological station on
the Sapta Koshi which is the main outlet of the Koshi Basin (Fig. 1). SWAT was calibrated for 1986-1994 and validated for 2000-2008
at Khurkot hydrological station, Furthermore, SWAT was also calibrated for 1986-2001 and validated for 2002-2010 at Chatara
hydrological station on a daily scale. The following suggestion was made by Fontaine et al. (2002), we used a warm-up period of 5
years for calibration to develop suitable initial conditions for groundwater and soil water storage.

The model was calibrated by using SWAT-CUP (Abbaspour, 2013). SWAT-CUP enables sensitivity analysis, calibration, validation
and uncertainty analysis of SWAT models. Calibration parameters were based on literature review, volume, baseflow and adjustment
of peak flows. During calibration, lapse rate, water capacity of the soil layer, SCS runoff curve number, Manning N, and snowmelt were
found to be the most sensitive parameters. The temperature lapse rate was adjusted to 5.6 °C/km based on Khadka et al. (2014). The
SCS curve number varied from 40 to 90 based on land use type. The Manning N for the main channel was calibrated from 0.03 to 0.06.
Snowmelt parameters, such as snowfall temperature and minimum snowmelt rate, were adjusted to the values of 0°C and
7 mm/°C-day, respectively (Bajracharya et al., 2018).

The calibrated and validated SWAT model was forced with historical ensemble climate variables from the period of 1981-2010.
The discharge obtained from the simulated SWAT model for this period was treated as baseline data to evaluate changes in future flow.

2.7. Capabilities and limitations of the SWAT model

For a heterogeneous river basin like the Koshi, it requires calibrating and validating the model if not for every sub-basin but for a
cluster of sub-basins or large watersheds to simulate a reliable result. The key difficulty of calibrating and validating a hydrological
model developed in a river basin like Koshi with limited data availability is the absence of observed streamflow data. Due to the
unavailability of observed data and accurate information on snowmelt and glacier melt in the high Himalayan areas of Tibet and Nepal,
results may have limitations. Even though the model performs all its estimates at a very small areal unit, the model has not been built
and calibrated to simulate small catchments. Furthermore, SWAT’s snow/glacier component is relatively weaker than the rainfall-
runoff component (Pandey et al., 2020b; Bharati et al., 2019) Thus, the use of other snow/glacier models is recommended, if these
components are important and need to be analyzed in detail (Adnan et al., 2019; Bharati et al., 2019).

However, the model was capable to reproduce or capture reasonably the hydrograph patterns, average flow conditions, high flow
conditions, and flow duration curves in the Koshi Basin. The calibration and validation statistics based on available data, mostly
downstream, show the satisfactory performance of the SWAT model in Khurkot and Chatara (the hills and Terai of Nepal) hydrological
stations, and the results obtained from these stations can be confidently used for further activities. Our results are in line with earlier
studies done in the Koshi Basin (Bharati et al., 2014, 2016, 2019; Devkota and Gyawali, 2015; Kaini et al., 2021).

2.8. Indicators of hydrological alteration

The Indicators of Hydrological Alteration (IHA) version 7.1 tool (The Nature Conservancy, 2009) was used to calculate parametric
statistics of flow components from daily time series river flow data as mentioned by Richter et al. (1996). In Parametric statistics, the
assumption is that data are normally distributed, and the data are characterized by a mean and standard deviation. Parametric sta-
tistics with advanced calibration were used to compare reference period flow datasets (pre-impact) with future climate change
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scenario flow datasets (post-impact). The advanced calibration will involve adjusting up to four parameters i) the high flow threshold
ii) the low flow threshold iii) the high flow starts rate threshold and iv) the high flow end rate threshold whereas non-advanced
calibration only a single flow parameter the high flow threshold (The Nature Conservancy, 2009). This software can calculate a
total of 67 statistical parameters. These parameters are subdivided into 2 groups: the 33 IHA parameters (median and coefficient of
dispersion) corresponding to 5 fundamental characteristics of the flow regime (magnitude, frequency, duration, timing, and rate of
change) and 34 Environmental Flow Components (EFC) parameters corresponding to 5 fundamental characteristics of the flow regime
(extreme low flow, low flows, high flow pulses, small floods, and large floods). As per the suggestion made by Wijngaard et al. (2017),
high and low flow indices are used to evaluate changes in hydrological extremes. Thus, we used only two components of flow i)
extreme low flow and ii) large flood (high flow) out of five characteristics as hydrological extremes. An extreme low flow was defined
as a flow value less than or equal to the 10th percentile of the daily average flows of the period and a large flood event was defined as an
initial high flow with a peak flow greater than 10 years return interval event. In other words, future changes in the 90th percentile of
daily discharge levels, and the discharge levels of high flow events with a return period of 10 years (Wijngaard et al., 2017). The
software finds the flow value equal to or less than the 10th percentile of all annual minimum flow as well as the 90th percentile of all
annual maximum flood peaks (Bharati et al., 2019; The Nature Conservancy, 2009; Mathews and Richter, 2007). For in-depth pa-
rameters and characteristics of the flow regime, readers are suggested to refer to the Indicators of Hydrological Alterations User’s
Manual (The Nature Conservancy., 2009). Overall, the method for a systematic approach for investigating climate change and its
potential impact on the hydrological regime in the Koshi River basin is presented in Fig. 2.

3. Results and discussions
3.1. Calibration and validation of the SWAT model

The SWAT model result shows a good agreement between simulated and observed stream values at the two hydrological stations.
The daily simulation results at Chatara showed that peaks matched for most of the years, however, they were underestimated for a few
years between 1992 and 1995 for calibration. The model performance for the Chatara outlet is shown in Fig. 3(a, b). Based on
hydrograph and statistical evaluations, the model was able to simulate the flow during calibration and validation and correlated well
with the observed data. The goodness of fit statistics showed that both Nash-Sutcliffe Efficiency (NSE) and Coefficient of Determination
(RZ) are above 0.75 and Percent Bias (PBIAS) is within + 15% in both stations, which makes the model a good representative of the
Koshi River basin. This result is consistent with the findings of (Shrestha et al., 2016) and Bharati et al. (2014). Therefore, it showed
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Fig. 2. Method for investigating climate change and its potential impact on the hydrological regime in the Koshi River basin.
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Fig. 3. (a) Calibration of the SWAT model of the Koshi Basin at Chatara hydrological station from 1986 to 2001, (b) Validation of the SWAT model
of the Koshi Basin at Chatara hydrological station from 2002 to 2010.

that the SWAT model was able to simulate the discharge at the outlet of the catchment with reasonably high accuracy. The calibration
and validation output value of NSE, R? and PBIAS is provided in Table 2.

3.2. The projected changes in temperature

This study quantifies the change in future temperature concerning the reference period across the sub-basins over time under two
projection scenarios. Our results indicate an increase in the average temperature across the sub-basins in the future timeline. Annual
average temperatures are expected to increase over time across the six sub-basins and the increase will be greater under the RCP 8.5
climate scenario. For example, the temperature is likely to increase by 2.3-2.7 °C in sub-basins under RCP4.5 while by 3.8-4.9 °C in
sub-basins under the RCP8.5 scenario by 2100. Increases in annual temperatures differ among the six sub-basins under both scenarios
over time. The increase in temperature will be highest in sub-basin 1 followed by sub-basins 3, 2, 4, 5 and sub-basin 6 under both RCPs
(Fig. 4). Overall, the increase in average annual temperature will be greater in the northern sub-basins compared to the southern sub-

Table 2
Model performance of daily river flow during calibration and validation at Chatara and Khurkot outlet.
Station Timeline Evaluation Criteria
NSE R? PBIAS
Chatara Calibration Period (1986 — 2001) 0.87 0.87 -3.2
Validation Period (2002 — 2010) 0.85 0.86 0.6
Khurkot Calibration Period (1986 — 1994) 0.78 0.79 5.3
Validation Period (2000 — 2008) 0.76 0.75 -4.6
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basins which might most likely be attributed to elevation-dependent warming (Yao et al., 2019). This finding is consistent with the
findings of Kaini et al. (2019), Shrestha et al., (2019, 2017), Rajbhandari et al. (2016), Bharati et al. (2014), Yao et al. (2019) and
Wijngaard et al. (2018). The increasing temperature in the northern part means the upward shift of the snowline. As a result, the
proportion of precipitation fall as rainfall instead of snowfall which decrease the accumulation and storage of snow at high altitude. In
addition, increase temperature will accelerate the melting rate of remaining deposited snow and reduces the spatial extension of snow
cover. Thus, a temperature change will change the snow cover area, as well as changes in the snowmelt rate which will impact the
contribution of snowmelt, and the shift in discharge and flow regime.

Temperature increases will vary among the four seasons across the six sub-basins in both RCPs. The projected increases in tem-
perature will likely be higher in the pre-monsoon and less during the monsoon season for all sub-basins and both scenarios. For
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Fig. 4. Average annual temperature (°C) increases across the sub-basins in three time periods under both RCPs and the graduated colour ranges
show the low (light) to high (dark) value.
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example, temperature increases in sub-basin 1 will be greater in the pre-monsoon (3 °C) compared to the winter (2.9 °C), post-
monsoon (2.4 °C) and monsoon season (2.4 °C) under the RCP4.5 scenario by 2100 (Table 3). This finding is consistent with the
finding of Pandey et al. (2020a) in the Karnali-Mohana basin in western Nepal.

The rates of increase in temperature vary among time periods and sub-basins. For instance: annual temperature increases are
projected to double between 2025 s and 2055 s for all sub-basins under the RCP4.5 scenario. However, for the RCP8.5 scenario, all sub-
basins experience an approximate doubling of annual temperature increase between 2025 s and 2055 s as well as again between
2055 s and 2085 s (Fig. 4). Furthermore, seasonal temperature increases are projected to be around double across all sub-basins under
RCP8.5 compared to RCP4.5 by 2100.

3.3. The projected changes in precipitation

Precipitation increases vary among the sub-basins. For instance, overall precipitation is likely to increase by 12.9-15.4% in sub-
basins under RCP4.5 while increasing by 23.7-33.4% in sub-basins under the RCP8.5 scenario by 2100. The increase of annual
precipitation will be highest in sub-basin 5 followed by sub-basins 2, 6, 4, 3 and sub-basin 1 under RCP4.5. In comparison, the increase
of annual precipitation will be greatest in sub-basin 6 followed by sub-basins 3, 4, 5, 2 and finally sub-basin 1 under RCP8.5 (Fig. 5).
Those sub-basins in the southeast (sub-basins 3, and 6) will experience more precipitation than northwestern regions (sub-basin 1)
which might be because sub-basins 3 and 6 are impacted by the monsoon season first.

The rate of increases in average annual precipitation in future across the six sub-basins for both climate scenarios increases greater
in the RCP8.5 scenario. Annual and seasonal precipitations are projected to double between 2055 s and 2085 s for all sub-basins under
the RCP4.5 scenario. However, for the RCP 8.5 scenario, all sub-basins will experience a doubling of annual and seasonal precipitations
(except for dry season) between 2025 s and 2055 s as well as between 2055 s and 2085 s

The projected precipitation changes show larger variations in seasons than on an annual basis for both scenarios. Winter season
precipitation is expected to decrease under RCP4.5 but increase for RCP8.5 for most of the basin. The precipitation during the monsoon
is projected to increase in all sub-basins for all time periods under both RCPs. Post-monsoon precipitation is expected to increase for all
time periods except for RCP8.5 in 2025 s when four out of six sub-basins show a decrease. The projected changes in precipitation
during monsoon and post-monsoon are in line with the finding by Rajbhandari et al. (2017) across the Koshi Basin.

Overall, results show that it is likely to be a potential decline in precipitation in winter and an increase in other seasons, especially
the rainy season. Therefore, it can be predicted that the dry season is likely to be drier and the wet season is likely to be wetter under
RCP4.5. In contrast, there is likely to increase precipitation in all seasons under RCP8.5. Therefore, all seasons are likely to be wetter in
the mid and end of the twenty-first century under RCP8.5, except for sub-basin 5 in the winter season. The projections for precipitation
show an annual increasing trend for both scenarios by 2100; this could positively affect on the riverine landscape ecosystem services.
However, climate change is likely to disrupt precipitation regimes with alternating erratic rainfall and droughts, resulting in more
repeated floods and droughts. For instance, the number of rainy days and consecutive wet days was projected to decrease whereas
consecutive dry days were projected to increase in the Koshi Basin. Furthermore, the number of very wet days was projected to increase
in Koshi Basin (Kaini et al., 2019; Rajbhandari et al., 2017). Changes in the frequencies of extreme rainfall events might impact land
degradation processes such as mass movements, soil erosions, and removal of top fertile soil, which might reduce fertile land. Ulti-
mately, change will impact the lives and livelihood of the people depending on agriculture in the Koshi Basin.

3.4. The potential impact of climate change on river discharge

Increases in annual discharge are projected across all sub-basins and these will be greater under RCP8.5 (84%) compared to RCP4.5
(61%) by 2100. The annual discharge is likely to increase by 19-151% in sub-basins under RCP4.5, while by 43-171% in sub-basins
under the RCP8.5 scenario by 2100. The increase in annual discharge is projected to be highest in sub-basin 2 followed by sub-basins 3,
4,5, 6 and sub-basin 1 under RCP4.5. In comparison, the increase in annual discharge is projected to be greater in sub-basin 2, followed
by sub-basins 3, 4, 6, 5 and sub-basin 1 under RCP8.5 by 2100 (Fig. 6). Overall, there is a slight east-west spatial trend in annual
discharge with an increase to the east to a decrease to the west. In terms of the future change in discharge, sub-basin 3 and sub-basin 2
dominate all other sub-basins in the degree of change under both RCPs. The discharge in sub-basin 2 is relatively low during the
reference period (13.26 m3/s annual mean discharge) but is projected to increase up to 150% (171%) by 2100 under RCP4.5 (RCP8.5).
Sub-basin 2 shows a higher projected discharge than other sub-basins. It reflects that small absolute increases in sub-basin 2 can result

Table 3
Average seasonal temperature increases across the sub-basins under both RCPs by 2100.

Basin RCP4.5 RCP8.5

Winter (°C) Pre-Monsoon (°C) Monsoon (°C) Post-Monsoon (°C) Winter (°C) Pre-Monsoon (°C) Monsoon (°C) Post-Monsoon (°C)

1 2.9 3.0 2.4 2.4 4.6 5.5 4.3 5.2
2 2.5 2.8 2.1 2.3 4.4 5.2 3.9 5.0
3 3.1 2.7 2.5 2.7 4.9 4.7 4.0 5.0
4 2.4 2.6 2.3 2.3 3.9 4.3 3.5 4.6
5 2.6 2.6 2.4 2.1 4.2 4.8 3.3 4.2
6 2.3 2.6 2.1 2.2 3.9 4.1 3.3 4.0
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Fig. 5. The heat map of the percentage change in precipitation for selected sub-basins under two projection scenarios compared to the reference period (1995 s) for three time periods. The color bar
represents the percentage change in precipitation for the given period. The blue color indicates an increase, and the red color indicates a decrease in precipitation.
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Fig. 6. The heat map of the percentage change in discharge for all sub-basins and time periods under both scenarios compared to the reference period.
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in large relative increases. Sub-basin 3 also shows high relative increases in discharge under both RCPs. It might be a reason that
around 24% of the sub-basin 3 area is covered by snow and glacier, being higher than the other sub-basins (Khadka et al., 2020; Khadka
et al., 2016). For instance, sub-basin 3 (upper part of Tamor Basin) consists of 358 sq km of glacier area (Khadka et al., 2020) and 784
sq km of snow cover area (Khadka et al., 2016). Due to an increase in temperature, the contribution of snow and glacier melt combined
with monsoon rainfall will increase surface discharge. Thus, sub-basin 3 is the only basin that does not show any decrease in discharge
in annual and seasonal intervals for all time periods up to 2100 compared to the reference period under both RCPs.

Seasonal changes in discharge will differ among the four seasons. The winter discharge is projected to decrease under RCP4.5 in
2025 s and 2055 s, as well as under RCP8.5 in 2025 s, for all sub-basins except for sub-basin 3. Pre-monsoon discharge is projected to
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Fig. 7. a. The map of the change in extreme low flow days for all sub-basins under both scenarios according to time compared to the reference
period. The symbol size represents the number of days, 7b. The map of the change in large flood days for all sub-basins under both scenarios
according to time compared to the reference period. The symbol size represents the number of days.

13



S.R. Bajracharya et al. Journal of Hydrology: Regional Studies 45 (2023) 101316

h

>z

Sub-basin

RCP4.5 (2025s)
V Decrease days
A Increase days A Increase days
[ selected sub-basin [ selected sub-basin
R ———iorolrs [ Koshi y R ——— [ Koshi boundary

RCP8.5 (2025s)
V Decrease days

Sub-basin 6

>z
>z

A A
Sub-basin 1 Sub-basin 1

Sub-basin 6 Sub-basin 6

RCP4.5 (2055s)
A Increase days A Increase days
[ selected sub-basin [ selected sub-basin
S —— 015 [ Koshi b y S ——— [] Koshi boundary

RCP8.5 (2055s)

>z
>z

Sub-basin & Sub-basin &
RCP4.5 (2085s)

A Increase days A Increase days
[ selected sub-basin [ selected sub-basin

o ——— s LEaaha .
e S o [ Koshi Y T [_] Koshi boundary

RCP8.5 (2085s)

b

Fig. 7. (continued).

increase in most sub-basins except in sub-basin 2 under both RCPs in 2025 s and 2085 s. In addition, discharge in sub-basin 4 is
projected to decrease during pre-monsoon under both RCPs in 2055 s, as well as under RCP4.5 in 2025 s. There is a marked increase in
discharge in monsoon and post-monsoon seasons under both RCPs where the highest increase is in the post-monsoon season under
RCP4.5 and in the monsoon season under RCP8.5.

The rate of change of annual discharges is projected to increase by 2100. For instance, the annual discharge between 2025 s and
2055 s in all sub-basins is projected to at least double whereas the annual discharge in three sub-basins (1, 2 and 5) is projected to more
than double between 2055 s and 2085 s under RCP4.5. Seasonal discharge change is more variable for both time periods under
RCP4.5. However, for the RCP 8.5 scenario, all sub-basins will experience significant increases in annual and seasonal discharges
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between 2025 s and 2055 s as well as between 2055 s and 2085 s. The rate of increase of discharge in monsoon might be an increase in
monsoon precipitation combined with an increase in meltwater after mid-century in the Koshi Basin (Khadka et al., 2020; Wijngaard
et al., 2018).

Overall, the result shows that there is an increase in annual discharge, albeit with a large variation in seasonal discharge. There
might be water stress during the winter season but surplus water during the monsoon season. Simulated flow results show that the
annual flow is still dominated by monsoon flow in the future even under the impact of climate change (Fig. 6). Furthermore, most sub-
basins show an increase in average seasonal flow except during the winter season. The decrease in winter river flow might be due to
decreases in winter precipitation. This decrease in winter river flow and precipitation might impact highly winter cultivation.

3.5. The potential impact of climate change on flow extremes

Climate change is projected to influence components of the flow regime in each sub-basin. The response of flow alteration varies
according to sub-basins and season for the different periods under both RCPs. The flow alteration results show that the magnitude and
frequency of peak discharge in all sub-basins are projected to increase under both RCPs over all periods except for sub-basins 2 and 5 in
2025 s under RCP8.5. Furthermore, the duration of low flow, as well as high flow, are likely to increase under both RCPs for all periods,
except for sub-basin 3 in terms of low flows (Fig. 7a). In other words, hydrological extremes (high flow and low flow) are projected to
occur more frequently in all sub-basins in the Koshi Basin. The change in the number of extremely low flow days varies from
— 15-100 days under RCP4.5 and — 8-60 days under RCP8.5 across sub-basins by 2100. Similarly, the change in the number of large
flood days varies from 5 to 18 days under RCP4.5 and 7-28 days under RCP8.5 across sub-basins by 2100. The spatial change in
hydrological extremes across the sub-basins is shown in Fig. 7(a,b). The increase in the duration of low flow is greater than the high
flow. The projected changes in flow extremes are in line with the finding by Nie et al. (2021) in the Himalayas, Wijngaard et al. (2018)
for the Upper IGB River basins, Wijngaard et al. (2017) for the upper Ganges and Bharati et al., (2019, 2016) and Khadka et al. (2016)
for Koshi. However, at the beginning of climate change (in the 2025 s), there will most likely be influence on low flow than high flow,
but it will then reverse as time passes. Low flow duration will be shortened whereas high flow duration will be extended. During the
low flow season, the surface water availability will be low which is likely to affect the environmental flow requirement and lead to high
water demand, resulting in high competition between water users (Wijngaard et al., 2018). This might impact people who rely on
water-dependent ecosystem services.

Furthermore, the timing of the projected average monthly discharge will also change. For instance, the most flow-generating month
may shift for one month, from July to August in 2085 s in sub-basin 4 and 5 under RCP8.5 (Fig. 8) whereas for the other remaining sub-
basins, the projected average monthly discharge period timing remains the same. This finding is supported by studies by Bajracharya
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Fig. 8. Projected average monthly discharge for sub-basin 4 and 5 under RCP4.5 and RCP8.5 in 2085 s compared to the reference period.
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et al. (2018) of the Kaligandaki basin adjacent to the Koshi Basin, and by Khadka et al. (2016) of the Koshi Basin.

Overall, the flow regime in the Koshi Basin is projected to be significantly impacted by climate change. The frequency in occurrence
of high and extremely low flow events demonstrates the “too much or too little water” problem. This means the basin is vulnerable to
both floods and drought, resulting in a high risk to people and their livelihood. Furthermore, the change in flow regime will in all
probability change the biological and physical processes of the river which will have an effect on quality, quantity, hydro-
geomorphology and biodiversity in riverine ecosystems (Bharati et al., 2016).

3.6. Uncertainties in climate projection

We used the robust HI-AWARE datasets of maximum and minimum temperature, and precipitation of 8 GCMs (4 each for RCP4.5
and RCP8.5) as input data for the SWAT model to simulate the future scenarios for the study basin. However, there is uncertainty in the
climate data as these trajectories are dependent upon many factors including human intervention, atmospheric processes as well as
international climate negotiations. To account for these uncertainties, the models were selected based on simulating the four corners of
the projection spectrum, i.e. one each for cold-dry, cold-wet, warm-dry and warm-wet condition of the future for each RCP and their
ensemble was used as representative of the future states. However, there are significant uncertainties within the projections in the
study area for RCP4.5 and RCP8.5 scenarios. (Cui et al., 2018) reported that the uncertainties from climate models together with the
uncertainty from a hydrological model pose a great challenge to the accurate projection of hydrological regime alteration. Therefore,
we should cautiously use the output of the model results considering the uncertainty range given by all datasets.

These uncertainties can be understood from the ensemble plot in Fig. 9a where it can be seen that even though the projection for
both precipitation and temperature increases, the response of models has higher variability for precipitation than for temperature for
both RCPs. Also, Fig. 9b suggests that there is more variability in projection for 2085 s than for 2025 s or 2055 s. The future projection
for precipitation shows higher uncertainties in RCP4.5 than in RCP8.5. However, for temperature, the uncertainties are similar for both
RCPs, although lower than those for precipitation. This can be understood by the higher value of the coefficient of variation in
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Fig. 9. a. Ensemble plot of precipitation and temperature under RCP4.5 (blue) and RCP8.5 (red) for the period of 1981-2100. The coloured band
represents the standard deviation from the select GCMs. The black line represents the reference period, 9b. Projected annual precipitation (mm) and
temperature (°C) for three-time periods for RCP4.5 (blue) and RCP8.5 (red).
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Table 4
Quantitative estimates of uncertainties for the entire Koshi Basin.

Variable Statistics RCP4.5 RCP8.5

2025 s 2055 s 2085 s 2025 s 2055 s 2085 s

Multi-model ensemble for Koshi basin Precipitation (mm) Mean 1884 1911 2053 1921 2072 2317
Standard deviation 129 124 222 139 155 405

Co-efficient of variation 0.07 0.07 0.11 0.07 0.08 0.18

Temperature (°C) Mean 11.5 12.3 12.8 11.6 12.7 14.2

Standard deviation 0.30 0.50 0.70 0.30 0.60 1.00

Co-efficient of variation 0.02 0.04 0.05 0.03 0.05 0.07

precipitation than in temperature in Table 4. For example, the coefficient of variation for precipitation is 0.11 (0.18) for RCP4.5
(RCP8.5) in 2085 s - suggesting the range of projected change in precipitation is large. In the case of temperature, the coefficient of
variation is 0.05 (0.07) for RCP4.5 (RCP8.5) in the 2085 s

Projections of mean air temperature indicate an increase ranging from 1.3 °C to 4.9 °C between 1995 s and 2085 s, with stronger
warming at higher altitudes. The maximum range of uncertainty in the change of temperature is observed during the 2085 s under the
RCP8.5 scenario, whereas it is the least during the 2025 s under the RCP4.5 scenario. The uncertainty in future precipitation is also
large, with projections ranging from — 7% to + 33% between 1995 s and 2085 s. The uncertainty range is expected to be small in the
winter season and more during the monsoon season because during winter basin receives only around 2-5% of total rainfall. The range
is expected to be highest during the 2085 s under both scenarios. The range of uncertainty in temperature is not expected to vary much,
unlike precipitation, but is expected to increase towards the 2085 s. The finding of our result is consistent with the findings of Kaini
et al. (2019), MoFE (2019), Bajracharya et al. (2018) and Lutz et al. (2016a).

4. Conclusion

This study assessed changes in the future climate and their influence on hydrology in six sub-basins in the Koshi Basin. We use the
SWAT model to simulate the surface hydrology of the Koshi Basin up to the Chatara hydrological station and the IHA V7.1 tool to assess
the characteristics of the flow regime as hydrological extremes. The hydrological model is forced with an ensemble of downscaled
GCMs - representing a wide range of regional RCP4.5 and 8.5 climate conditions for 2025 s, 2055 s and 2085 s. The model output was
analyzed in terms of projected change in temperature, precipitation, river discharge and flow extremes. Overall, the results show the
sub-basins are likely to be markedly affected by changing temperature and precipitation, as well as the response of river flow in the
three-time periods under both scenarios. Furthermore, the responses are varied among sub-basins with impacts being more noticeable
at local and seasonal scales. The impacts strongly accelerate with increasing annual mean temperature, and precipitation will result in
an altered flow regime up to 2100 with the largest projected increases for RCP8.5 scenarios.

Temperature rise showed differences among the sub-basins, with the greatest increase in the northern sub-basin (sub-basin 1) and
the least increase in the southern sub-basin (sub-basin 6) under both scenarios by 2085 s. The increase in temperature clearly showed a
north-south trend. Regarding the seasonal warming, most sub-basins showed that pre-monsoon is most likely to increase temperature
faster than the rest of the seasons under both scenarios. An increase in temperature is likely to be lower in the monsoon season
compared to other seasons under both RCPs. Furthermore, among all sub-basins and seasons, the eastern sub-basin (sub-basin 3)
showed the highest warming during winter.

Annual precipitation showed an increasing trend among all basins under both RCP4.5 and RCP8.5. The southwestern sub-basin
(sub-basin 5) is likely to get more precipitation at the end of the century compared to other basins under RCP4.5 whereas the
southern sub-basin is likely to get more precipitation under RCP8.5. However, the seasonal breakdown of the precipitation showed
different aspects. The dry season is drying more, and the wet season is becoming wetter under RCP4.5, whereas all seasons are
becoming wetter under RCP8.5, except for pre-monsoon and post-monsoon in 2025 s

In both RCPs, the annual flow at the outlet of the sub-basins is expected to increase significantly in the 2055 s and 2085 s compared
to the 2025 s. But there is high variability in seasonal discharge among sub-basins. Most sub-basins show a decrease in flow during the
winter season in all time periods except in 2085 s under both RCPs. The western sub-basin (sub-basins 2) and eastern sub-basin are
most likely to get surplus water under both scenarios compared to other basins in the 2085 s. As the discharge in the western sub-basin
is projected to be a significant increase in some seasons as well as a significant decrease in other seasons under both RCPs, it will most
likely face the issue of too much or too little water scenario. The western sub-basin will most likely be more vulnerable to climate
change than other sub-basins. Furthermore, the eastern sub-basin is likely to have a surplus of water under both scenarios by 2085 s.
There is a shift in average monthly flow in the central sub-basin (sub-basin 4) and the southwestern sub-basin during the 2085 s under
RCP8.5. Our findings also show that there will be an increase in extreme events i.e. extremely low flows and large floods in future for all
sub-basins.

Finally, our findings show that water availability during the century is likely to increase in sub-basins at an annual scale but water
availability within inter-annual and seasonal periods will become highly variable. It seems climate change is expected to have greater
effects seasonally rather than annually. This change in hydrology could affect water distribution (timing and quantity) in the basin. For
instance, a month shift of the average monthly discharge will impact the riverine ecosystem functions that rely on appropriately timed
high flows, thus affecting the dispersal of seeds onto the floodplain, survival of certain fish species, and water demand of crops etc. are
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likely to heavily impact. Our results suggest that the impacts of climate change are scale-dependent in terms of temperature, pre-
cipitation, and river flow response. However, there are still large uncertainties associated with the quantitative estimates for future
time periods. Thus, the impact of climate change can only be understood if uncertainties are also considered.

The finding of this study will be valuable in identifying how sub-basins are likely to be impacted by climate change and in stip-
ulating effective planning and management of water resources in the future decades.

4.1. Limitations

The major limitations of the present study lie with the spatial coverage of ground-based monitoring stations as well as the
availability of time series observed hydrometeorological data. In the Koshi Basin, the network of hydrometeorological stations is sparse
(Fig. 1), for instance, most parts of the northern basin do not have meteorological stations even though on the Nepal side the stations
are extremely uneven and the number of gauge stations is also small. This is indeed a limitation for understanding the larger variability
of the precipitation patterns as well as it is difficult to infer the high-altitude precipitation in rugged topography. Furthermore, lim-
itations for understanding the snow and glacier hydrology of a river basin in mountainous terrain as well as difficulty for model
calibration and validation. Thus, we took only two stations (Fig. 1) for calibration and validation of the hydrological model. It is well
known that the more observed data is available, the chance of developing a more accurate model is increased.
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