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Summary

The Koshi Basin, spread across China, Nepal and India, is perceived as having high potential for
hydropower and irrigation development, both seen as ways to promote economic development in
the region. As climate change (CC) is likely to impact future water resources, it is very important
to consider CC in future planning. This paper quantifies and assesses the past and projected future
spatial and temporal water balances in the Koshi Basin. A Soil and Water Assessment Tool (SWAT)
model was set up, calibrated and validated using measured daily flow data from the basin from
1999 to 2006. The CC analysis is based on the most recent Intergovernmental Panel on Climate
Change (IPCC) Fifth Assessment Report (AR5) “Representative Concentration Pathways” (RCPs
4.5 and 8.5). The delta change approach was used to generate daily future time series climate data
for 2021-2050, considering historical data from 1998-2008 as reference.

Results show that the annual average precipitation, actual evapotranspiration (ET) and net water
yield for the reference period are 1,720 mm, 520 mm and 1,124 mm, respectively, with over 75%
of precipitation and flow occurring during the monsoon season. The precipitation and net water
yield are lowest in the transmountain region and the Tibetan plateau. The values are highest in the
mountain region, followed by the hills and Indo-Gangetic Plains. Approximately 65% of average
annual precipitation is converted to flows, indicating high water availability. Actual ET, which
indicates water use by plants, is highest in the Indo-Gangetic Plains region due to the presence of
irrigated agriculture and a few forested mountain watersheds. There is, therefore, a clear mismatch
between the area where water availability is highest (mountains) and where water use is highest
(Indo-Gangetic Plains). As most of the water from the mountain and hill regions eventually flows
down to the plains, the mountain and hill regions in Nepal are important for maintaining agriculture
in the plains in both Nepal and India.

Flow analyses show that high-flow pulses (exceeding 75% of daily flows) occur two to five
times annually and last for 2 to 20 days during the monsoon season. Extreme low flows occur two
to nine times annually and last up to 25 days during the dry season. These results indicate the high
temporal variability of flows in the basin. The information on these extreme weather events could
be very useful in water-induced disaster management in this region, and also for planning long-
term hydraulic structures. The frequent occurrences of both high- and low-flow events demonstrate
the existing vulnerability of the region to both floods and droughts, leading to a very risk-prone
livelihood system.

The CC projections show an increasing trend in precipitation and net water yield for most of
the basin, except the transmountain region. Actual ET also shows an increasing trend for both CC
pathways (RCPs 4.5 and 8.5) throughout the basin. Comparison of flow ranges between the past
and projected data indicates that future changes during the dry season are within the past data
ranges. However, the future monsoon flows will be higher than the past as demonstrated by higher
averages as well as maximum flows. An increasing trend is seen in the high-flow pulse frequency,
and occurrences of high flows are shifting towards the latter part of the monsoon. Therefore,
flooding occurrences in the monsoon are expected to increase with CC.

Results also show that the seasonal variation in contribution to annual flow volume at the
outlet of the Koshi Basin for the reference and future periods remained very similar, with over
75% of the total annual flow occurring within the monsoon season. Therefore, the monsoon will
remain the main hydrological driver, variability will continue to be high, future dry seasons will
be similar to the past dry seasons, and future monsoons will likely be stronger and wetter with
increased flood risk.

vii






INTRODUCTION

There is a growing focus among the scientific community on understanding the Himalayan river
basins with several recent studies investigating the biophysical processes (e.g., Lutz et al. 2014;
Immerzeel et al. 2013; Devkota and Gyawali 2015; Nepal 2016). The Himalayan river basins are still
considered to be data and information scarce, relative to other regions; scientific studies, especially
related to the physical system, are limited. This is primarily due to unavailability and sometimes
inaccessibility of long-term hydrological and climate data of good quality and coverage, as well
as lack of rigorous analysis of the existing accessible information. The complex topography and
extreme climate also make it difficult for climate scientists to construct hydrological and climatic
sequences with good spatial and temporal coverage. Nonetheless, decision makers need to explore
possible future development scenarios.

The Koshi River Basin is perceived as having high potential for hydropower and irrigation
development, both seen as ways to promote economic development in the region. The respective
governments (i.e., China, Nepal and India) are interested in building water infrastructure to develop
energy production and water supply. There have been a few enabling steps in this direction, such as
the recently signed power trade agreement between Nepal and India. So far, a basin development
strategy, which goes beyond national and sectorial plans, does not exist. Future water infrastructure
is being designed primarily at individual project level without real consideration of the impacts/
benefits outside of the project objectives, such as downstream impacts, environmental flows,
impact on local livelihoods, etc. A prerequisite for developing any future basin plans is to carry
out water resource assessments, which quantify both spatial and temporal water availability in the
basin. Furthermore, as climate change (CC) is likely to impact future water resources, it is very
important to consider CC in future planning.

The main objective of this study was to assess the spatial and temporal water balances in the
Koshi Basin in China, Nepal and India, and quantify the impact of CC on the basin. The Soil and
Water Assessment Tool (SWAT) model was used to carry out the analysis at sub-basin level. The
study is a follow-up to previous studies in the Koshi Basin by the authors (Bharati et al. 2014, 2016).
In the previous studies, the Koshi Basin was limited to the mountain and hill regions in China and
Nepal. However, in this new, updated study, the outlet of the basin is where the Koshi River joins
the main branch of the Ganges (Figure 1) in India. This larger basin includes the transmountain,
mountain and hills as well as the Indo-Gangetic Plains (IGP). The transmountain region is behind
the Himalayan mountain range in the main Tibetan Plateau. The current study incorporated better
input data for the model, including: (i) data from high-altitude stations in the mountains, which
were previously not available; (ii) remotely sensed datasets such as Tropical Rainfall Measuring
Mission (TRMM); (iii) more detailed land cover and soil maps (see section Methods and Data); and
(iv) CC analysis was based on the most recent Intergovernmental Panel on Climate Change (IPCC)
Fifth Assessment Report (AR5) (IPCC 2014). The current study also compared the performance of
the more detailed SWAT model to a simple conceptual model GR4J to assess the impact of model
structure on model performance (see section Results and Discussion). Furthermore, the Indicators
of Hydrologic Alteration (IHA) version 7.1 was used to analyze extreme weather events.



STUDY AREA

The Koshi River is one of the largest tributaries of the Ganges River. The catchment area of the
Koshi River up to its confluence with the Ganges River is 87,311 km?, of which 28,300 km? lies
in China, 39,407 km? in Nepal and 19,604 km? in India.

FIGURE 1. Map of the Koshi River Basin showing the administrative boundaries and the four
ecological regions.

The basin covers five districts in China, 27 districts in Nepal and 16 districts in India. The basin
area lies within latitudes 26°54°47”” N to 25°24°43”’N, and longitudes 87°09°25E to 87°15’32”’E.
The elevation of the basin ranges from 60 meters above sea level (masl) on the alluvial plains
in India to more than 8,000 masl in the High Himalayas in Nepal. Due to the large variation in
elevation, the river basins of the Himalayan region can be divided into four ecological regions:
Indo-Gangetic Plains (60-200 masl), hills (200-4,000 masl), mountains (> 4,000 masl), and the
transmountain region, which lies north of the Himalayan mountain range and extends into China
(Figure 2). The climate of the Koshi Basin ranges from tropical in the Gangetic Plains to alpine
conditions in the high-altitude areas (Agarwal et al. 2014; Bharati et al. 2014, 2016).

Past Water Resource Assessments and Climate Change Studies in the Koshi Basin and
Eastern Himalayas

Recently, there has been an increase in the number of publications on the Koshi Basin in relation
to future CC and its impacts on water availability, runoff components, crop production and natural
hazards, using historical trend analysis and IPCC projections. One of the first studies in the Koshi



Basin was carried out by Sharma et al. (2000), who studied basin-wide land use, and climatic and
hydrological trends. The analysis of climatic and hydrological trends from 1947 to 1993 indicated
an increasing trend for temperature and precipitation but a decreasing trend in the discharge, which
is more significant in low-flow months. Shrestha et al. (2013) assessed the spatial and temporal
impacts of CC on rice-wheat cropping systems, focusing on Irrigation Water Requirement (IWR)
in the Bagmati River Basin (a sub-basin of the Koshi Basin). The study found that the impact of
CC on IWR depends on different physiographic regions as well as the growth stages of rice and
wheat. Due to the migration of people, IWR is decreasing in the hills and mountain but increasing
in the Terai Plains. Therefore, there will be increased pressure on large-scale irrigation systems
in the Terai. Qi and Redman (1993) conducted a climatic linear trend analysis using 40 years of
climate data from 10 meteorological stations and showed a warming trend of 0.25 °C per decade.
Bhatt et al. (2014) also investigated climate trends and the impacts on crop production. The results
showed warming trends in most parts of the basin with an increase in mean monthly temperature
from 1960-2008, which then has a negative impact on the crop yields (rice, maize and wheat). Crop
yields, however, might benefit from higher temperatures provided that other conditions such as water
availability and soil fertility are favorable (Bhatt et al. 2014). More recently, Nepal (2016) assessed
historical records of precipitation and temperature trends in the Nepal part of the Koshi Basin using
data from the last 40 to 50 years. The study suggested that about two-thirds of the precipitation
stations (22 out of 36) show increasing trends, of which only two were statistically significant, and
14 show decreasing trends, of which only one was statistically significant. Similarly, the maximum
temperature increased at the rate of 0.058 °C per year based on data from the last 40 years (Nepal
2016). Furthermore, Lacombe and McCartney (2014) conducted statistical assessments and found
that increasing temperatures in the Indian Himalayan region are likely affecting the monsoon and
hence changing precipitation patterns in the north of the country.

There have also been a few publications using projected CC data. Agarwal et al. (2014)
analyzed precipitation using outputs from 10 General Circulation Models (GCMs) under three
IPCC emission scenarios (B1, A1B and A2) for three future periods (2020s, 2055s and 2090s) and
for six physiographic regions in the Koshi Basin. Results from the study indicate that not all 10
GCMs agree that changes in precipitation will be positive or negative. A majority of the GCMs
and the average values of all the GCMs for each scenario indicate a positive change in summer,
autumn and annual precipitation but a negative change in spring precipitation. Differences in the
GCM projections exist for all the three future periods and the differences increase with time.
The estimated uncertainty is higher for scenario A1B than for scenarios B1 and A2. Agarwal et
al. (2016) suggested that the temperature of the Koshi Basin is expected to rise with a relatively
higher increase in the mountains than in the hills based on data obtained from 10 GCMs under
B1, A1B and A2 scenarios. Khadka et al. (2014) predicted future changes in climatic parameters
of the Tamakoshi Basin, one of the highly glaciated sub-basins of the Koshi Basin. The GCMs
used in the analysis indicate that both temperature and precipitation will increase by 0.025 °C/year
and 4.7 mm/year, respectively. Bharati et al. (2014, 2016) stated that the impacts of CC are scale
dependent. The impacts of CC are more noticeable at sub-basin and seasonal scales rather than at
annual, full basin scales. Therefore, storage and transfer of water from water-surplus seasons and
areas to water-deficit seasons and areas are good adaptation strategies. Furthermore, as variability
in the system is also likely to increase, future strategies should aim at dealing with variability as
well as uncertainty, instead of focusing on changes in average trends. Devkota and Gyawali (2015)
assessed CC impacts based on two regional climate models (PRECIS-HADCM3QO0 and PRECIS-
ECHAMO5). The results showed that CC does not pose a major threat to average water availability.
However, temporal flow variations are expected to increase in the future. The magnitude of projected



flow for given return periods strongly depends on the climate model run considered. The ECHAMO5
results show greater flow changes than those estimated from the HADCM3 model. Gosain et al.
(2006) predicted increases in rainfall, evapotranspiration (ET), snowmelt and surface runoff due to
CC for the Koshi Basin, but they did not assess seasonal and spatial variations at sub-basin level.
Nepal (2016) used the process-based J2000 hydrological model in the Dudh Kohsi sub-catchment
and applied the A1B scenarios of the PRECIS regional climate model until the end of the century.
The study indicated that runoff may increase by 13% followed by a slight decrease by the end of
the century compared to the reference period. The increase in runoff is attributed to the increase
in precipitation in the future. Similarly, ET may increase by 16% by the end of the century.

FIGURE 2. A map showing the Land Use/Land Cover (LULC) patterns across the four
ecological regions in the Koshi Basin.
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Furthermore, snowmelt and glacier melt are major contributors to runoff and streamflow in
Himalayan basins (Immerzeel et al. 2013; Nepal 2016). According to Khadka et al. (2014), the
average annual contribution of snowmelt during the reference period (2000-2008) in Tamakoshi
is around 17.7%. Similarly, Nepal (2016) estimated a 17% glacier contribution from the Dudh
Koshi Basin (the neighboring catchment of Tamakoshi to the east). The study highlighted that the
seasonal contribution is more important than the annual contribution. Similarly, Lutz et al. (2014)
also estimated the glacier melt contribution to be about 19% in the Dudh Koshi Basin. In the Tamor
catchment of the Koshi Basin, the snowmelt contribution to total runoff in the basin is reported to
be about 29% on average. It is observed that the snowmelt contribution will not change significantly
(17.8% in the 2020s to 17.3% in the 2050s). However, the rainfall contribution is projected
to increase. Miller et al. (2012) also studied glacier meltwater contribution in the Hindu Kush
Himalaya. The results showed that the impacts of glacier melt strongly affect flows in headwater
catchments, but their effects decrease further downstream. Immerzeel et al. (2013) used results
from the latest ensemble of GCMs analyzing climate scenarios — Representative Concentration
Pathways (RCPs) 4.5 and 8.5 — to assess the hydrological impacts of CC in two Himalayan
watersheds, i.e., the Baltoro (a part of the Indus system) and Langtang (a part of the larger Koshi
Basin and Ganges system). The study projected an increase in precipitation and temperature in the
Ganges Basin, and an increase in future runoff in both watersheds. The study also showed that,
in both cases, glaciers will recede but net glacier melt runoff will increase until 2050. Therefore,
in combination with a positive change in precipitation, water availability during this century is
not likely to decline (Immerzeel et al. 2013). In a similar study, Lutz et al. (2014) used the latest
ensemble of climate models and large-scale, high-resolution cryospheric-hydrological models to
quantify the upstream hydrological regime of the Eastern Himalayas and the impacts of CC on
future water availability. Their results showed an increase in precipitation for the Koshi Basin during
the monsoon season. Specifically for the Koshi Basin, the study indicated that discharge might
increase, at a higher magnitude during the monsoon season, at least up to 2050, primarily due to
an increase in precipitation. Nonetheless, the nature of the hydrograph remains largely unaffected.
However, the study also highlighted uncertainties in the results as well as large variations between
the annual average and seasonal projections.

METHODS AND DATA

The methodological framework for this study is shown in Figure 3. Spatial and time-series data
from the basin were collected and used to set up the SWAT model. The model was then calibrated
and validated to observed flow data from multiple stations in Nepal (Table 1) using different
criteria such as coefficient of determination (R?), Nash-Sutcliffe Efficiency (NSE) and bias. Flow
data from India and China would increase model reliability, but as these data are not accessible,
only flow data from Nepal were used. This is still the most detailed model of the Koshi Basin to
date. The model results were then analyzed in terms of water balances at daily scales per sub-basin,
and compared to model runs using CC projection data to evaluate possible impacts from modelled
climate change. Details of each methodological step as well as the SWAT model are described in
the following sections.



FIGURE 3. Methodological framework for this study.
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TABLE 1. An overview of the main datasets.

Category Data Data source
Hydrology River discharge Department of Hydrology and Meteorology (DHM), Nepal
Climate Precipitation, temperature, relative For Nepal, DHM and Ev-K2-CNR (Chartered Association

humidity, solar radiation, wind speed in Nepal) station data were used; for China, TRMM and
Climate Forecast System Reanalysis (CFSR) gridded data
were used; for India, India Meteorological Department (IMD)
gridded and point data were used

Topography Digital elevation model (DEM) - Shuttle Radar Topography Mission (SRTM)
90 m resolution

Soils Soil map and soil properties Soil and Terrain database system (SOTER) soil map of
China, Nepal and Indo-Gangetic Plains. Downloaded from
ISRIC — World Soil Information website
(https://www.isric.org/)

Land use Land use map Land cover types of the land use/land cover (LULC) map
is based on the map received from the International Centre
for Integrated Mountain Development (ICIMOD), and
sub-classes for the irrigated land are based on the district-
wise crop types and cropping calendar of China, Nepal and

India
Physical Dams, barrages, irrigation systems Google Earth, Japan International Cooperation Agency
infrastructure (JICA) 1986, and Department of Irrigation, Nepal, reports

and other internet sources such as Indiastat
(https://www.indiastat.com/)

Soil and Water Assessment Tool (SWAT)

SWAT is a process-based hydrological model that predicts the impact of land management practices
on water, sediment and agricultural chemical yields in complex basins with varying soils, land use
and management conditions (Arnold et al. 1998; Srinivasan et al. 1998). The main components of
the model include climate, hydrology, erosion, soil temperature, plant growth, nutrients, pesticides,
land management, and channel and reservoir routing.

Conceptually, SWAT divides a basin into sub-basins. Each sub-basin is connected through a
stream channel and further divided into Hydrologic Response Units (HRUs). An HRU is a unique
combination of a soil and vegetation type in a sub-watershed. SWAT simulates hydrology, vegetation
growth and management practices at the HRU level. The hydrologic cycle, as simulated by SWAT,
is based on the water balance equation:

n
SWt = SWO + z (Rday - qurf - Ea - Wseep - ng) (1)
i=1
Where:
SW, ; Final soil water content (mm)
SW, : Initial soil water content (mm)
t ; Time in days

oy Amount of precipitation on day i (mm)



Q. Amount of surface runoff on day i (mm)
E, Amount of evapotranspiration on day i (mm)
W, Amount of percolation on day i (mm)
p -
Q Amount of return flow on day i (mm)

gw

Since the model maintains a continuous water balance, the subdivision of the basin enables
the model to reflect differences in evapotranspiration for various crops and soils. Thus, runoff is
predicted separately for each sub-basin and routed to obtain the total runoff for the basin. This
increases the accuracy and gives a much better physical description of the water balance. More
detailed descriptions of the model can be found in Arnold et al. (1998) and Srinivasan et al. (1998).
The physical infrastructure was included in the model using the reservoir module in SWAT.

Spatial Data

SWAT requires three basic types of data for delineating the basin into sub-basins and HRUs, i.e.,
a DEM, soil map and a land cover map. The SRTM 90 m resolution DEM for the basin was used
as input to the model. The stream network was also generated using the SRTM 90 m DEM. The
generated stream network was then compared with the Hydrological data and maps based on
SHuttle Elevation Derivatives at multiple Scales (HydroSHEDS) (http://hydrosheds.cr.usgs.gov/
index.php) river network (15 second spatial resolution) as well as Google Earth images in order
to rectify some errors. Based on the Google Earth images, incorrect locations of some parts of the
generated river network (especially the main branches) were corrected using the burning process
in geographic information systems (GIS). The basin was subdivided into 127 sub-basins.

The basic LULC map used in the model was obtained from the International Centre for Integrated
Mountain Development (ICIMOD) (http://geoportal.icimod.org/) and contained 15 major LULC
classes. However, as agricultural land was not subdivided into irrigated and rain-fed land, the
agricultural area was further subdivided into irrigated and rain-fed areas using the GlobCover
2009 map (http://due.esrin.esa.int/page_globcover.php). Further, the irrigated and rain-fed areas
were discretized to district level for China, Nepal and India within the Koshi Basin with major
crop types. The district-wise crop types and calendar were entered into the SWAT model through
its management schedule capabilities, which involves input of information on the planting or
growing season of plants, irrigation operation, etc. A large part of the study basin is agricultural
land (38,614 km?) followed by grassland (21,599 km?). Snow and glaciers cover an area of
5,232 km?,

The soil and terrain database system (SOTER) soil map of China, Nepal and Indo-Gangetic Plains
was downloaded from the ISRIC website (https://www.isric.org/). The soil nomenclature was based
on FAO and ISRIC (1990); based on the processed map, there are 37 classes. The dominant soil
is Gelic Leptosols in the transmountain and mountain region, Eutric Cambisols in the hills, and
Eutric Gleysols and Eutric Cambisols in the Terai and Indo-Gangetic Plains of the basin.

Time Series Data

SWAT requires time series of observed climate data, i.e., rainfall, minimum and maximum
temperatures, sunshine duration, wind speed and relative humidity. Table 2 lists the number of
climate stations used for modeling while the locations of these stations are presented in Figure 4.
Daily observed climate and hydrological data were collected from the Department of Hydrology
and Meteorology (DHM), Nepal, and India Meteorological Department (IMD). However, as it



was not possible to access data from the Chinese part of the Koshi Basin and as there are no
climate stations in the higher altitude areas in Nepal, precipitation data from the TRMM (http://
trmm.gsfc.nasa.gov/) were used. In addition, data (daily rainfall, temperature, wind speed, solar
radiation and humidity) from three Ev-K2-CNR (http://www.evk2cnr.org/cms/en) stations in the
Himalayan Region and Climate Forecast System Reanalysis (CFSR) gridded data for China were
also acquired and used in the model.

TABLE 2. Summary of climate and hydrological data, and climate stations used for modeling.

Description Remarks

Climate data (daily)

® 92 Precipitation stations e Includes data from DHM (Nepal), IMD

® 53 Temperature stations (India), Ev-K2-CNR, TRMM and CFSR
e 55 Humidity stations e Compilation of both point (station) and

® 56 Wind speed stations gridded data

e 68 Solar duration stations

Hydrological data (daily)

e 40 hydrological stations All from DHM (Nepal); five stations
used for calibration and validation

FIGURE 4. Hydrological, meteorological and calibration stations in the Koshi Basin.



Model Calibration and Validation

The model was calibrated using daily flow data from 1999 to 2002 and validated for 2003 to 2006.
This period was used so that it matches the land cover map chosen for the basin. The measured
flow data for this period was also more complete. Calibration of the model was carried out in
three steps: sensitivity analysis, auto calibration and manual calibration. Sensitivity analysis was
performed using the built-in tool of SWAT, changing the values one at a time, from which the ten
most sensitive parameters were identified. Table 3 lists out these parameters with their ranking, i.e.,
1 is the most sensitive and 10 the least sensitive. The most sensitive parameters are related to the
baseflow process (ALPHA_BF - baseflow recession factor, GWQMN - threshold depth of water in
aquifer, REVAPMN - threshold depth of water in aquifer for percolation/evaporation) and surface
runoff (CN2 - curve number, ESCO - soil evaporation compensation factor, SURLAG - surface
runoff lag coefficient). The built-in tool of SWAT and SWAT-CUP was used for auto calibration
using these parameters. The model was run for 1,000 iterations during this step. Sensitivity analysis
in SWAT and auto calibration using SWAT and SWAT-CUP are limited to the use of observed
data from a single gauging station. Thus, observed flow data from Chatara (outlet of the 96%
sub-basin) were used for this purpose. Although the range of values for the sensitive parameters
was narrowed down (Table 3), the simulated and observed hydrographs did not match well. One
obvious reason could be the large size of the basin and hence the inability to fit the parameters
over the entire basin based on the results from one flow station. Therefore, it was necessary to
also perform manual calibration.

TABLE 3. Initial values of the parameters after sensitivity analysis and auto calibration.

Sensitivity analysis ranking Parameters” Initial value suggested by SWAT

1 ALPHA_BF 0.54

2 CH_K2 142.79

3 CH_N2 0.1001
4 CN2 19.129
5 ESCO 0.6208
6 GWQMN 944,35

7 REVAPMN 8.967
8 SOL_AWC 18.17

9 SOL_K 23.45
10 SURLAG 2.35

Note: * For detailed explanation of the parameters, please refer to Arnold et al. 2011.

Manual calibration was done simultaneously using the daily flow data at five gauging
stations, all established and maintained by DHM within Nepal. Unfortunately, flow data from
China and India were not available. An iterative approach was used for manual calculation
which comprised the following steps: (i) simulation; (ii) comparison of observed and simulated
values; (iii) checking whether the output is reasonable; (iv) if not, adjusting the parameters
based on expert judgment; and (v) repetition of the process until the best results are obtained
(Arnold et al. 2012). It was found rational to calibrate the major tributaries of the Koshi River
independently to incorporate the spatial variability of the basin in the model. Figure 4 shows
the Arun, Tamor, Sunkoshi, Bagmati and Saptakoshi rivers along with the Turkeghat, Majhitar,
Pachuwarghat, Padherodovan and Chatara gauging stations, respectively, used for calibration and
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validation. During manual calibration, first, adjustments were made to those parameters which
were deemed most sensitive during the sensitivity analysis for the Chatara gauging station, as
discussed previously, followed by adjustments to the parameters deemed to be least sensitive. For
some catchments, additional parameters that were not identified during the sensitivity analysis
were adjusted for better performance of the model. During calibration, parameters were varied
within a reasonable range (Table 4). Furthermore, visual inspection of the hydrographs (peak,
time to peak, shape of the hydrograph and baseflow), statistics (mean, standard deviation [SD],
coefficient of determination [R?], Nash-Sutcliffe Efficiency [NSE], percent bias [PBIAS] and
root mean square error [RMSE]-observations standard deviation ratio [RSR]) and comparison
of the simulated water balance with the observed values were the basis for evaluating model
prediction during manual calibration.

Table 4 shows that the most sensitive parameters, such as runoff curve number (CN_2),
groundwater delay (GW_DELAY) and baseflow recession factor (ALPHA_BF), were common
calibration parameters at all the stations. Use of initial SWAT-estimated parameters mostly
underestimated the baseflow in all cases. Therefore, CN_2 had a key role in increasing the
infiltration and hence the groundwater flow into the stream. Similarly, the value of GW_
DELAY was maintained within 90-120 days as it represents the delay in the groundwater flow
contributing to the baseflow. It is to be noted that, in the Koshi Basin, around 80% of the total
annual precipitation occurs in 4 months (June-September) and the baseflow during the dry
period (remaining 8 months) is sustained by the groundwater recharge during the monsoon
season. The value of ALPHA_BF was changed depending on the slope of the receding limb of
the hydrograph. Other flow-related parameters, such as soil evaporation compensation factor
(ESCO), revap coefficient (GW_REVAP), threshold depth of water in the shallow aquifer required
for return flow to occur (GWQMN), soil depth (SOL_Z), available water capacity of the soil
(SOL_AWC), saturated hydraulic conductivity (SOL_K), effective hydraulic conductivity in the
main channel (CH_K2), channel Manning’s number (CH_N2) and surface runoff lag coefficient
(SURLAG) were adjusted from initial estimates to match the simulated and observed flows. As
elevation bands were used in the model, TLAPS and PLAPS played an important role in the
spatial distribution of temperature and precipitation (Rahman et al. 2013). Snow/glacier-related
parameters, such as TLAPS, lateral flow travel time (LATTIME), snowfall temperature (SFTMP)
and snowmelt base temperature (SMTMP) were also adjusted in certain sub-basins where snow/
glacier coverage is large.

Once the model was calibrated, it was run for validation in a different time period, i.e., from
2003 to 2006, using the same parameter sets obtained during calibration. The streamflow results are
compared for gauged data for 2003-2006 using the same statistical measures as in the calibration
process. The purpose of this step is to assess whether the model can reproduce the flow in this
period, thereby providing a measure of its robustness.

Tables 5 and 6 show the daily and monthly statistics of calibration and validation, respectively,
at the five gauging stations. Figures 5 to 9 show the observed and simulated daily hydrographs at
the five gauging stations. The overall performance of the model was satisfactory. The differences
in the mean and SD of the observed and simulated datasets are within £15% and 20% on daily
runs except for Turkeghat and Padherodovan. Similarly, NSE at the daily time step is greater than
0.65 for the calibration period and greater than 0.58 for the validation period for all the gauging
stations. Also, R? for the daily run is greater than 0.66 for both the calibration and validation periods
at all the gauging stations. In the case of the monthly run (Table 6), NSE and R? are both well
above 0.85 for the calibration period. For the validation period, R? is greater than 0.85 for all the
stations except Turkeghat (0.75) and NSE is above 0.8 for all the stations except Turkeghat (0.66).
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TABLE 4. Calibrated SWAT parameters.

Flow station Parameters” File” Level” Initial values  Calibrated values  Range”
1 Turkeghat TLAPS .sub Sub-basin -5.6 -3.8 0--10
PLAPS .sub Sub-basin -50 5.8 0- 100
CN_2 .mgt HRU Varies 0.8 (Ratio) 35-98
SOL_K .sol HRU Varies 0.8 (Ratio) 0-100
GW_DELAY gw HRU 31 120 0-50
ALPHA_BF .gw HRU 0.048 0.55 0-1
ESCO .hru HRU 0 0.7 0-1
LATTIME hru HRU 1 1 0-180
SOL Z .sol HRU 300 600 0 - 3,000
GWQMN gw HRU 0 550 0 - 5,000
SURLAG .bsn Basin 10 1 1-10
SFTMP .bsn Basin 1 1 -5-5
SMTMP .bsn Basin 0.5 0.9 -5-5
2 Majhitar GW_DELAY gw HRU 31 85 0-50
CN_2 .mgt HRU Varies 0.8 (Ratio) 35-98
ESCO hru HRU 0 0.5 0-1
SOL zZ .sol HRU 300 800 0 - 3,000
SOL_K .sol HRU Varies 0.75 (Ratio) 0-100
SOL_AWC .sol HRU Varies 0.95 (Ratio) 0-1
GWQMN gw HRU 0 415 0 - 5,000
CH_N2 e Reach 0.014 0.035 0-1
3 Pachuwarghat CN_2 .mgt HRU Varies 0.75 (Ratio) 35-98
GW_DELAY gw HRU 31 90 0-50
ALPHA_ BF gw HRU 0.048 0.09 0-1
GWQMN .gw HRU 0 500 0 - 5,000
SOL_z .sol HRU 300 600 0 - 3,000
SOL_K .sol HRU Varies 0.7 (Ratio) 0 - 100
SOL_AWC .sol HRU Varies 1.167 (Ratio) 0-1
ESCO .hru HRU 0 0.7 0-1
4  Padherodovan CN_2 .mgt HRU Varies 1.35 (Ratio) 35-98
GW_DELAY .gw HRU 31 90 0-50
ALPHA_BF .gw HRU 0.048 0.015 0-1
SOL_AWC .sol HRU Varies 1.135 (Ratio) 0-1
SOL_K .sol HRU Varies 0.56 (Ratio) 0-100
ESCO .hru HRU 0 0.075 0-1
GW_REVAP .gw HRU 0.02 0.05 0.02 -0.2
CH_K?2 .rte Reach 0 6.21 0-150
CH_N2 .rte Reach 0.014 0.211 0-1
5 Chatara GW_DELAY gw HRU 31 100 0-50
ALPHA_BF .gw HRU 0.048 0.5 0-1
CN_2 .mgt HRU Varies 0.65 (Ratio) 35-98
LATTIME .hru HRU 1 4 0-180

Note: * For detailed explanation of the parameters, please refer to Arnold et al. 2011.
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Although PBIAS for the calibration period is well within the £10% range at all the stations, the
values are slightly higher in the validation period at Turkeghat (25.01%), Padherodovan (-45.52%)
and Chatara (13.77%). Santhi et al. (2001) have identified potential errors (spatial variability errors
in rainfall, soils and land use, errors in measuring flow and errors caused by sampling strategies)
that can occur in the measured input data and data used for calibration. As a very large area from
Tibet contributes to the flow at Turkeghat, it is strongly dependent on the input (precipitation)
data within its catchment area. The TRMM-gridded data in this part of the basin were used due to
the unavailability of observed data. Also, accurate information on the snow and glaciers regarding
their coverage area, depth and depletion rate was not available for the areas at high altitudes. Thus,
the low values of the statistics in this sub-basin are most likely attributable to the precipitation
and snow/glacier input data. In addition to the above statistical indices, the ratio of the root mean
square error to the standard deviation of measured data (RSR) was also calculated which includes
a scaling/normalization factor. RSR varies from zero to a large positive value. The lower the RSR,
lower the RMSE and better the model simulation performance (Moriasi et al. 2007). RSR at all
stations was found to be less than 0.4 for the calibration period and less than 0.6 for the validation
period in the monthly run. Based on the general performance ratings criteria developed by Moriasi
et al. (2007) for a monthly time step, it can be seen that the calibration and validation results are
“very good” in almost all cases (Table 6). Figures 5 to 9 show daily observed and simulated flows
from the calibration stations. The model simulations improve for the lower part of the basin as can
be seen from the figure for the station at Chatara (Figure 9).

TABLE 5. Daily calibration and validation statistics assessing model performance at five
hydrological stations.

River Station (index number) Index Calibration Validation
Arun Turkeghat (#604.5) R? 0.81 0.64
NSE 0.81 0.58
PBIAS % -6.81 24.6
RSR 0.44 0.65
Tamor Majhitar (#684) R? 0.66 0.67
NSE 0.65 0.58
PBIAS % 7.52 -3.65
RSR 0.59 0.66
Sunkoshi Pachuwarghat (#630) R? 0.74 0.71
NSE 0.72 0.65
PBIAS % -2.06 5.42
RSR 0.53 0.59
Bagmati Padherodovan (#589) R? 0.71 0.70
NSE 0.71 0.67
PBIAS % -7.89 -45.38
RSR 0.54 0.57
Saptakoshi Chatara (#695) R? 0.86 0.83
NSE 0.85 0.80
PBIAS % -8.69 13.77
RSR 0.39 0.44
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TABLE 6. Monthly calibration and validation statistics assessing model performance at five
hydrological stations.

River Station (index number) Index Calibration Validation
Arun Turkeghat (#604.5) R? 0.95 0.75
NSE 0.94 0.66
PBIAS % -6.86 25.01
RSR 0.24 0.58
“Performance Very good Satisfactory
Tamor Majhitar (#684) R? 0.91 0.95
NSE 0.85 0.95
PBIAS % 7.41 -3.75
RSR 0.38 0.22
“Performance Very good Very good
Sunkoshi Pachuwarghat (#630) R? 0.93 0.94
NSE 0.93 0.93
PBIAS % -2.16 5.50
RSR 0.26 0.26
“Performance Very good Very good
Bagmati Padherodovan (#589) R? 0.93 0.95
NSE 0.92 0.82
PBIAS % -8.04 -45.52
RSR 0.27 0.42
“Performance Very good Unsatisfactory
Saptakoshi Chatara (#695) R? 0.90 0.88
NSE 0.89 0.84
PBIAS % -8.72 13.77
RSR 0.32 0.40
“Performance Very good Good

Note: * For details, please refer to Moriasi et al. 2007.

FIGURE 5. Observed and simulated flows at Turkeghat (#604.5) on a daily time step.
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FIGURE 6. Observed and simulated flows at Majhitar (#684) on a daily time step.
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FIGURE 7. Observed and simulated flows at Pachuwarghat (#630) on a daily time step.
2,500 qry - TWH i nT 7 r" T '?1 TW o “ 0
20
2,000 | !
Calibration Validation 40
R2=0.74 R2=0.71
—_—
NSE =0.72 NSE =0.65
1,500 PBIAS = 2.06% PBIAS =5.42% 60
80
1,000
100
500 120
140
0 , h " h ; - )
1-Jan-1999 1-Jan-2000 31-Dec-2000 31-Dec-2001 31-Det-2002 31-Dec-2003 30-Dec-2004 30-Dec-2005 30-Dec-2006
m Rainfall —Qbserved flow —Simulated flow

Precipitation (mm)

Precipitation (mm)



FIGURE 8. Observed and simulated flows at Padherodovan (#589) on a daily time step.
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FIGURE 9. Observed and simulated flows at Chatara (#695) on a daily time step.
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Comparison between GR4J and SWAT

The GR4J model developed by Perrin et al. (2003) is a daily lumped rainfall-runoff model. In this
study, the outputs of the GR4J model were compared with the SWAT model outputs to compare the
results between a complex semi-distributed model such as SWAT and a relatively simple conceptual
GR4J model. Comparison of the results also helped to identify the robustness and uncertainties
between the two modeling systems. Figure 10 presents the visual fit of the calibration and validation
of the catchments in the Koshi Basin, with the GR4J set up. There is good agreement for all gauges.
The model matches well for the rise, fall and recession of the hydrographs, but it tends to under-
predict the peaks. The main discrepancies are the validation period for the Arun catchment, where
the model under-predicts the streamflow, and the Bagmati catchment, where the model is unable
to reproduce some very high flows.

FIGURE 10. 95% parameter prediction interval (grey shading) and time series of observed
streamflow for the calibration (red dots) and validation (blue dots) periods for the Arun, Tamor,
Sunkoshi, Bagmati and Saptakoshi hydrological stations.
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The performance statistics in Figure 11 and Table 7 indicate that the model performs well
during calibration and validation for all catchments with the exception of the Bagmati catchment,
where the NSE values for calibration are below 0.6 and the BIAS is also large with values of the
order of 25%, as the model is unable to reproduce the large peaks and the volumes associated with
them. However, across both calibration and validation in the Bagmati catchment, while showing
lower NSE and R? values, the GR4J model tends to show lower biases across both periods.

Also, the model does not perform well at the Arun catchment, where it has a very large bias
and a low NSE score during validation despite performing well during calibration. As mentioned in
the SWAT results, the likely explanation for this poor performance lies with the rainfall data used
in the model. For the period 2004-2005, the mean annual runoff was 60 mm higher than for the
calibration period (1999-2002), but the mean annual rainfall is 300 mm lower. This would suggest
that the large bias and poor NSE for the validation period is due to the discrepancy in rainfall. The
lack of high resolution rainfall data could also be another hindrance to better model fit.

Table 7 also shows that the SWAT and GR4J models have similar performances, with GR4J
showing better performance in terms of NSE for Tamor, Sunkoshi and Saptakoshi catchments, while
SWAT is superior for the Arun and Bagmati catchments. On the other hand, in some catchments,
SWAT has smaller biases than GR4J, but both models have similar problems for the Arun and
Bagmati catchments.

TABLE 7. Comparison of results from the SWAT and GR4J models using R?, NSE and BIAS
(GRA4J results correspond to the model results with highest NSE).

Calibration Validation
Catchment Statistic SWAT GR4) SWAT GR4J)
Arun R? 0.81 0.79 0.67 0.45
NSE 0.81 0.79 0.61 0.3
BIAS -6.8 5 25.8 38.4
Tamor R? 0.66 0.86 0.67 0.83
NSE 0.65 0.86 0.58 0.75
BIAS 7.5 3.8 -4.3 -10.7
Sunkoshi R2 0.74 0.87 0.71 0.81
NSE 0.72 0.87 0.65 0.8
BIAS -2 1.9 5.4 10.8
Bagmati R? 0.71 0.64 0.7 0.6
NSE 0.71 0.58 0.67 0.57
BIAS -7.9 21.5 -45.4 -1.9
Saptakoshi R? 0.86 0.93 0.83 0.91
NSE 0.85 0.94 0.8 0.94
BIAS -8.7 1.9 13.77 15
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FIGURE 11. Box plots of NSE (top panel) and percent bias (bottom panel) for calibration (left
side) and validation (right side) for all five calibration gauges (Arun, Tamor, Saptakoshi, Bagmati
and Sunkoshi).
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The posterior density as estimated by the DiffeRential Evolution Adaptive Metropolis (DREAM)
(Vrugt et al. 2009) are shown in Figure 12. For most catchments, all parameters are well defined,
with the exception of X1 (maximum capacity of production store) for the Saptakoshi catchment, X2
(groundwater exchange coefficient) for the Arun catchment, and X3 (routing store) for the Sunkoshi
and Tamor catchments. In the cases of X1 and X3, the results indicate that larger values would be
preferred. For the Arun catchment, however, the preference for a lower value of the groundwater
exchange coefficient (X2) indicates that the model requires a good portion of the rainfall to be lost
to groundwater. Therefore, it is possible that, for the calibration period, the rainfall is somewhat
overestimated (suggesting a larger coefficient of runoff), and therefore a model calibrated to these
excessive rainfall estimates exacerbates the problem when a lower rainfall estimate (such as in the
years 2004-2005) is encountered. It is possible to calibrate the Arun model for the period 2003-
2006 and obtain a PBIAS of only 1.8%, but the validation for the period 1999-2002 then shows
an excess of streamflow resulting in a PBIAS of 45% (results not shown).

FIGURE 12. Posterior histograms for the four parameters of the GR4J hydrological model in each
catchment (parameter bounds are X1 = [1,1500], X2 = [-10,5], X3 = [1,500], and X4 = [0.5,4]).
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It is important to note that the uncertainties shown in Figure 12 are related to parameter
uncertainty only, and do not take into account possible errors associated with model forcing (i.e.,
rainfall and evapotranspiration) and streamflow measurements. Of the five streamflow gauges
considered here, the rating quality for three (Saptakoshi, Bagmati and Sunkoshi) from DHM,
Nepal, is “fair”, while the quality is considered to be “good” for both Tamor and Arun catchments.
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Capabilities and Limitations of the Model

As the calibration and validation statistics show satisfactory performance of the SWAT model
in the hills and Terai of Nepal, the results obtained from these regions can be confidently used
for further activities. Moreover, since agriculture covers a large area, especially in the plains of
Nepal and India, the model results can also be used in the quantification of irrigation water, in
particular. Land-use classes of the agricultural areas have been reclassified on a district-wise basis
in order to extract information on the demand and use of water at the district level. Due to the
unavailability of precipitation data and accurate information on snowmelt and glacier melt in the
high mountainous areas of Tibet and Nepal, results from the model have a low confidence level
for this region. Although the model performs all its calculations at a very small areal unit, it has
not been developed and calibrated to simulate small catchments. Therefore, issues related to small
sites/catchments should not depend solely on the model results.

It has been mentioned in the literature by the SWAT developers that its snow/glacier and
groundwater component is not as strong as the surface hydrology component (Arnold et al. 1998).
Thus, the use of other snow/glacier models and groundwater models is recommended, if these
components are important and need to be analyzed in detail.

CLIMATE CHANGE SCENARIOS

In this study, delta change grids (Immerzeel et al. 2013) were used to downscale two Representative
Concentration Pathways (RCPs) (RCPs 4.5 and 8.5), each scenario comprising four GCMs. The
period of future simulations was 2021-2050; however, a period of 11 years (2040-2050) was used
for climate change analysis.

The climate change scenarios considered in this model are two RCPs (RCPs 4.5 and 8.5).
RCPs are a set of four new pathways developed for the climate modeling community as a basis
for long-term and near-term modeling experiments. RCPs were developed from an innovative
collaboration between integrated assessment modelers, climate modelers, terrestrial ecosystem
modelers and emission inventory experts (van Vuuren et al. 2011). As shown in Table 8, the RCPs
cover a period from 1850 to 2100 and the radiative forcing values of 2.6, 4.5, 6 and 8.5 Watts per
square meter (W/m?) (van Vuuren et al. 2011). The pathways selected for the study are RCP 4.5
(one of the medium stabilizing scenarios) and RCP 8.5 (a very high reference emission pathway).

TABLE 8. Overview of the representative concentration pathways (RCPs).

Description
RCP 8.5 Rising radiative forcing pathways leading to 8.5 W/m? (~ 1,370 parts per million [ppm]
carbon dioxide [CO:]) by 2100. It is one very high reference emission scenario
RCP 6 Stabilization without overshoot pathway to 6 W/m? (~850 ppm CO>) at stabilization after 2100
RCP 4.5 Stabilization without overshoot pathway to 4.5 W/m? (~650 ppm CO-) at stabilization after 2100.
It is a medium stabilizing scenario
RCP 2.6 Peak in radiative forcing at ~3 W/m? (~490 ppm CO-) before 2100 and then declines to 2.6 W/m?
by 2100

Source: van Vuuren et al. 2011.
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Future Climate Data Generation

The climate change downscaling method involved selection of GCMs from a total of 43 model
runs for RCP 4.5 and 41 model runs for RCP 8.5. The model selection was carried out as a part of
a previous study by Lutz et al. (2014) for a larger domain of the Hindu Kush Himalayan (HKH)
region. For each model run, the average annual difference in precipitation (%) and temperature
(K) was determined (for the period 2021-2050 relative to 1961-1990). Based on these projected
differences, four combinations (dry and cold, dry and warm, wet and cold, and wet and warm)
for each RCP were derived based on the 10" and 90" percentile values of the projected changes.
Finally, the model run that was closest to the percentile values were selected for downscaling. The
10" and 90™ percentile values were selected to include all four corners of the projected changes in
temperature and precipitation and to avoid outlier GCMs. According to this method, four GCMs
each were selected for both climate scenarios followed by downscaling of the model projections
using the monthly delta change grids for the future (2021-2050) relative to a reference period
(1961-1990) for each GCM (Immerzeel et al. 2013; Table 9). The delta change values in the grids
reflect the change in temperature (K) and precipitation (%) over 60 years (Table 10).

TABLE 9. List of selected GCMs.

Description RCP dP (%) dT (K) Selected model

DRY, COLD RCP 4.5 -1.8 14 GISS-E2_rcp45

DRY, WARM RCP 4.5 -1.8 2.3 IPSL-CMb5A_rcp45
WET, COLD RCP 4.5 8.9 14 CCSM4_rcp45

WET, WARM RCP 4.5 8.9 2.3 CanESM2_rcp45
DRY, COLD RCP 8.5 -1.1 1.7 GFDL-ESM2G_rcp85
DRY, WARM RCP 8.5 -1.1 2.7 IPSL-CM5A_rcp85
WET, COLD RCP 8.5 12.1 17 CSIRO-Mk3_rcp85
WET, WARM RCP 8.5 12.1 2.7 CanESM2_rcp85

Source: Lutz and Immerzeel 2013.
Notes: dP - Delta change value for precipitation; dT — Delta change value for temperature.

TABLE 10. Specification of delta change grids.

Character Specification
Extent (WGS 1984) Longitude: 66.00° to 99.00° E
Latitude: 21.25° to 37.50° N
Spatial resolution 0.25° x 0.25°
AT units Kelvin (K)
AP units Percentage (%)
Format American Standard Code for Information Interchange (ASCII) grid
Total number of grids 192

Delta Change Method

The monthly delta change grids for the future were then individually processed using GIS to obtain
monthly delta change values for all the stations with precipitation and temperature data. There
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are 92 precipitation stations, of which 53 have temperature stations. The delta change approach
was used to generate daily future time series climate data (precipitation, maximum and minimum
temperature) for the period 2021 to 2050 from the reference period (1998-2008); however, a period
of 11 years (2040-2050) was used for climate change analysis. In order to generate future time
series, we developed the R-model, which selects a random year from the reference period (1998-
2008) and then applies the delta change formula (shown below) to generate future time series,
with the assumption that the change from the period 1961-1990 until 2021-2050 is linear. More
information on this method can be found in Wijngaard et al. (2017).

dp;
Pi,j,k = Pi,j,baseyear + Pi,j,baseyear * (6_(; * (k - baseyear + 1)/100

drT;
Ti,j,k = Ti,j,baseyear + 6_0l * (k — baseyear + 1)

Where:

P = Precipitation (mm)

T = Temperature (maximum and minimum, °C)

i =day, 1 <i<31formonth j

j = month number, 1 (January) <j < 12 (December)

k = future year, 2021 < k < 2050

baseline= 1998-2008

dP = delta change value for precipitation (%) for month j
dT = delta change value for temperature (K) for month

The SWAT model was then run with climate data (precipitation, maximum and minimum
temperatures) generated by the delta change method for the projected period (2021-2050) for
all eight GCMs for RCPs 4.5 and 8.5. The model output was then analyzed to assess the future
change in hydrological components such as precipitation, actual ET, net water yield and discharge
at Saptakoshi, which is the gauging point, with available data at the lowest reach of the basin.

RESULTS AND DISCUSSION

Water Balance

Temporal Distribution of Water Balance Components

After calibration and validation, the model was run from 1998 to 2008 with 2 years (1996-
1997) as the warm-up period. The four hydrological components considered for the analysis
were precipitation, actual evapotranspiration (ET), net water yield and the change in storage (A
storage). Net water yield is the collective value of snowmelt, surface runoff, baseflow and lateral
flow. It does not always follow the precipitation pattern, but is also affected by factors such as
rainfall intensity, soil properties and land cover characteristics. The ‘A storage’ is a collective
term including groundwater recharge, change in soil moisture storage in the vadose zone and
model inaccuracies.
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Annual average precipitation, actual ET and net water yield of the entire basin for the simulation
period of 11 years were 1,720 mm, 520 mm and 1,124 mm, respectively. However, the temporal
(Figure 13) and spatial variation (Figure 14) of these components within the basin is large. As can
be seen from the monthly water balance in Figure 13, monsoon (June, July, August and September)
is the main hydrological driver in the basin accounting for over 75% of precipitation and flows.
As expected, actual ET and water yield are high in the monsoon and low in the dry period of the
year. Large values of A storage during the monsoon can be attributed to high groundwater recharge,
which is responsible for groundwater flow and ultimately baseflow during the dry period of the year.
Similarly, a decreasing trend of A storage from the monsoon to the dry period is very prominent.
July was identified as the wettest month with a maximum precipitation of 393 mm and December
the driest with 9 mm. The annual average precipitation for the entire basin for the reference period
is 1,720 mm, and the mean seasonal distribution is 49 mm, 241 mm, 1,345 mm and 84 mm for
winter (December, January), pre-monsoon (February, March, April, May), monsoon (June, July,
August) and post-monsoon (September, October, November) seasons, respectively. The average
annual actual ET for the entire basin for the reference period is 550 mm and the mean seasonal
distribution is 49 mm, 131 mm, 290 mm and 80 mm for winter, pre-monsoon, monsoon and post-
monsoon seasons, respectively. The average annual ET is highest in the Indo-Gangetic Plains, owing
to the greater area under cultivation and irrigation. Actual ET decreases from the Indo-Gangetic
Plains to the transmountain region. The average annual net water yield for the reference period is
1,124 mm and mean seasonal distribution is 57 mm, 105 mm, 838 mm and 124 mm for winter,
pre-monsoon, monsoon and post-monsoon seasons, respectively. Net water yield is highest in the
mountains, followed by the hills, the Indo-Gangetic Plains and transmountain regions.

FIGURE 13. Mean monthly water balance (1998-2008).
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Spatial Distribution of Water Balance Components

Figures 14, 15 and 16 show the spatial distribution of annual average precipitation, actual ET and
net water yield for the reference period (1998-2008). The precipitation and net water yield are
lowest in the transmountain region and highest in the mountains followed by the hills in the Nepal
part of the basin. In most of the upper sub-basins, water yield was greater than ET. An increasing
trend of ET from the northern part to the southern part of the basin is prominent (Figure 15).
As ET depends largely on precipitation, land cover and temperature, it was found to be high in
forested areas in the hill regions of the basin and agricultural areas in the plains of Nepal and India.
Maximum precipitation (5,135 mm) occurred in a sub-basin in the mountain region and minimum
precipitation (604 mm) in the transmountain region in the Tibetan plateau. The maximum ET (1,052
mm) occurred in a sub-basin in the Indo-Gangetic Plains of India, while the minimum ET (52 mm)
occurred in a sub-basin in the transmountain region of China. Similarly, the maximum water yield
(4,408 mm) was recorded in a sub-basin in the mountain region of Nepal and the minimum water
yield (259 mm) was recorded in a sub-basin of the transmountain region of China.

FIGURE 14. Spatial distribution of annual average precipitation.
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FIGURE 15. Spatial distribution of annual average actual evapotranspiration.
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Ecological Region-wise Water Balance Calculations

Figure 17 shows the annual variation of precipitation, actual ET and net water yield in the different
ecological regions within the Koshi Basin. The error bars show the maximum-minimum range for
each parameter within the specified region. Maximum annual average precipitation (2,234 mm)
was recorded in the mountain region (M) followed by the hills (H) and the Indo-Gangetic Plains
(IGP), and the minimum (943 mm) was recorded in the transmountain region (TM). Annual average
actual ET shows a different trend with a minimum (232 mm) in the TM, which increases as we
move down the elevation of the basin with the maximum occurring in the IGP (763 mm). Annual
net water yield follows a similar pattern to that of precipitation. Minimum net water yield occurs
in the TM (585 mm) and the maximum occurs in the mountain region (1,675 mm). As seen in
Figure 17, the maximum and minimum ranges for precipitation, actual ET and net water yield are
highest in the mountain region and lowest in the transmountain region.

Figure 18 shows the seasonal variation of mean precipitation, mean actual ET and mean net
water yield in the different ecological regions within the study basin. The error bars show the
maximum-minimum range for each parameter within the specified region. Although the magnitudes
vary, a very similar trend is observed in all the cases. Precipitation, actual ET and net water yield
have the maximum values during the monsoon season followed by the pre-monsoon, post-monsoon
and winter seasons. Mean precipitation is highest in the mountains, i.e., 61 mm during the winter,
278 mm in the pre-monsoon, 1,494 mm in the monsoon and 87 mm in the post-monsoon seasons.
Variation in mean actual ET within the basin is low for a particular season. However, it is highest
in the monsoon season with a maximum value of 1,277 mm in the mountains. Mean actual ET for
the IGP is very similar for the pre- and post-monsoon seasons. As expected, the mean net water
yield is also highest during the monsoon season followed by the pre-monsoon, post-monsoon and
winter seasons. Areas with high actual ET have low water yields, e.g., the IGP. The highest net
water yield is observed in the mountains during the monsoon season (1,063 mm).

The monsoon is clearly the main hydrological driver in the basin as precipitation, ET and water
yield are the highest during this season. Storage and transferring water from the monsoon to the
dry period is a good water management strategy. There is also a clear mismatch between areas
where water availability is highest (mountains) to areas where water use is highest, i.e., in the
Indo-Gangetic Plains. The water generated in the mountains in Nepal are, therefore, very important
for maintaining the vast area of irrigated agriculture in the Indo-Gangetic Plains, termed the ‘bread
basket’ in both Nepal and India.

Analysis of Extreme Flow Events

Indicators of Hydrologic Alteration (IHA) version 7.1 is a tool which can be easily used to summarize
long periods of daily data. It was used to analyze the hydrologic characteristics of the Koshi River
at Chatara using daily time series flow data from 1982 to 2006 (for further details, see Richter et al.
1996). Parametric statistics (mean/standard deviation) were used for the analysis. Flows exceeding
75% of daily flows for the period were classified as High Flows and those below 50% of daily flows
for the period were classified as Low Flows. A Small Flood event was defined as an initial High
Flow with a peak flow greater than a 2-year return interval event. Similarly, a Large Flood event
was defined as an initial High Flow with a peak flow greater than a 10-year return interval event.
An Extreme Low Flow was defined as an initial Low Flow below 10% of daily flows for the period.

Figure 19 shows the Flow Duration Curve (FDC) of Chatara for the reference period. Flows
corresponding to 40%, 60% and 80% exceedance probabilities are 1,090 m®/s, 543 m®'s and 385
m?¥/s, respectively.
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FIGURE 17. Ecological region-wise variation of (a) annual precipitation, (b) actual ET, and (c)
net water yield within the Koshi Basin.
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Figure 20 shows the environmental flow components at Chatara. It can be seen from the
graph that small floods and high floods are very common, occurring almost every year during the
monsoon. Two instances of large floods (in 1987 and 2003) can also be observed. Similarly, a few
occurrences of extreme low flows can also be seen. Thus, it can be said that the Koshi River has
a high degree of variability regarding its flow characteristics. The information on these extreme
events could be very useful for water-induced disaster management in this region, and also for
planning long-term hydraulic structures.

Results of the high-flow analysis are shown in Figure 21. It can be seen that peak flows
within the range of 2,500-4,500 m®/s are very common for the Koshi River at Chatara. Extreme
flows (greater than 6,000 m?/s) have also occurred in the past (2003-2004). It is also evident that
high-flow pulses occur at least two to five times annually during the monsoon (June to August),
and those pulses last for 2 to 20 days almost every year. An annual increasing trend is seen in the
high-flow pulse frequency, and occurrences of high flows are shifting towards the latter part of the
monsoon. As with large floods, small floods also occur during the monsoon.

Low-flow analysis is summarized in Figure 22. It is clear that, although the occurrence of low
flows is relatively less frequent during the period of analysis, it extends to 70-100 days annually.
Extreme low flows occur two to nine times annually with a duration of up to 25 days every year
(Figure 22). These events are found to occur during the dry season. The frequent occurrences of
both high- and low-flow events demonstrates the vulnerability of the region to both floods and
droughts, resulting in a very risk-prone livelihood system.

Results from RCPs 4.5 and 8.5 Future Projections

Figures 23, 24 and 25 show sub-basin-wise average percentage changes in precipitation, actual
ET and net water yield, respectively, for four GCMs each of RCPs 4.5 and 8.5. Precipitation and
net water yield show increases in most parts of the basin except for the sub-basins within the
transmountain region, which shows a decrease. Similarly, Actual ET is seen to increase over the
entire basin except for a few sub-basins, especially in the transmountain region. The RCP 8.5
projections show a similar spatial pattern to RCP 4.5. Actual ET is projected to increase across
most of the basin, and precipitation and water yield will increase except in a few sub-basins, which
are mostly in the transmountain region.

Figure 26 shows the monthly minimum, maximum and average discharges for the reference
period (1998-2008) and projected period (2040-2050) for ensembles of RCP 4.5 for Chatara gauging
station (Figure 4). The data range for the reference period is represented by the error bars and
the range for all the CC projections are within the orange area in the figure. As variability is high
in the basin, it is useful to compare future changes in the data range in addition to the average
changes. If, for example, the future range is similar to the past range then adaptation strategies
might already exist, which then decreases vulnerability. However, if the future range is outside of
the past range then the impact of CC will be more severe. For RCP 4.5, the lower range for the
projected average monthly discharge is within the range of the discharge in the reference period
for all the months. Therefore, the future low flows are within the past data range. However, the
range for the projected high flows is outside the past range in all the months except January and
September. This suggests that the peak flows will increase in the future, also increasing the risk
of floods. The average seasonal discharge from the different projections shows an increase for all
seasons, i.e., 2 to 12% in the winter, 5 to 13% in the pre-monsoon, -2% to 11% in the monsoon
and 5 to 16% in the post-monsoon seasons.
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FIGURE 19. Flow duration curve (FDC) in log scale of Chatara.
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Figure 27 shows the monthly minimum, maximum and average discharges for the reference
period (1998-2008) and projected period (2040-2050) for ensembles of RCP 8.5 for Chatara gauging
station. Similar to Figure 26, the error bars and orange area show the minimum and maximum
range of the reference period and projected period, respectively. For RCP 8.5, the projected average
monthly discharges during low flows are within the data range for the reference period. However,
the projected monthly average discharge from May until November is higher than the past range.
The average seasonal discharge from the different projections also shows an increase for all seasons
under RCP 8.5, i.e., 8 to 14% in the winter, -8 to 25% in the pre-monsoon, 9 to 18% in the monsoon
and 3 to 20% in the post-monsoon seasons.

Therefore, both Figures 26 and 27 suggest that the future changes during the dry season
(November-May) are within the past ranges. However, the future monsoon flows will be higher
than the past as demonstrated by higher averages as well as maximum flows.

Results show that the seasonal variation in contribution to annual flow volume at the outlet of the
Koshi Basin for the reference and projected periods remained very similar. For the reference period,
72% of the total annual flow occurred during the monsoon, 6% in the winter, 12% in the pre-monsoon
and 10% in the post-monsoon seasons. The projected variation in seasonal contribution to annual flow
only showed a 1% change in the monsoon season and a maximum of a 2% change in the pre-monsoon
season. The percentage contributed was the same for both the post-monsoon and winter seasons.
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FIGURE 20. Environmental flow components: Extreme low flows, low flows, high flow pulses, small floods and large floods at Chatara.
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FIGURE 21. Results of the high-flow analysis: (a) peak, (b) frequency, (c) t
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FIGURE 22. Results of extreme low-flow analysis: (a) low flows, (b) frequency, (c) timing, and

(d) duration.
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FIGURE 26. Average annual hydrograph for the reference (1998-2008) and future (2040-2050)
periods for ensembles of RCP 4.5.
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FIGURE 27. Average annual hydrograph for the reference (1998-2008) and future (2040-2050)
periods for ensembles of RCP 8.5.
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CONCLUSIONS

This study developed a SWAT for the Koshi Basin using in situ and remotely sensed data and
evaluated CC impacts under eight future scenarios. Analysis of past (1998 to 2008) water balance
indicates that approximately 65% of average annual precipitation (1,720 mm) is converted to flows
(1,124 mm). Therefore, water availability in the Koshi Basin is very high. Both net water yield
and precipitation are highest in the mountains, followed by hills, the Indo-Gangetic Plains and
transmountain region. The average annual actual ET is highest in the Indo-Gangetic Plains, owing
to the greater area under cultivation. Actual ET, a proxy for water use by plants, is high in areas
which are forested and used for agriculture, especially irrigated agriculture. The fact that there is a
mismatch between areas where water availability is highest (mountains) and areas where water use
is highest (Indo-Gangetic Plains) has been creating tension in basin water planning and management.
This issue is exacerbated due to all of the mountain region with high water availability being in
Nepal and most of the plains area with high water use due to irrigated agriculture in India. Most
of the transboundary issues stem from this mismatch in water availability and use between the
sub-basins in Nepal and India. As most of the water from the mountain and hill regions eventually
flow down to the plains, the mountain and hill regions in Nepal are very important for maintaining
agriculture in the plains in both Nepal and India.

The high- and low-flow analysis shows high-flow (exceeding 75% of mean daily flows) pulses
occur two to five times annually and last for 2 to 20 days during the monsoon season. Extreme low
flows occur two to nine times annually and last up to 25 days during dry season, indicating high
temporal variation of flows in the Koshi Basin. Therefore, there is a high degree of variability in
flow characteristics reflecting the “too much and too little water” problems that are often discussed
for the region. The monsoon accounts for over 75% of precipitation and flows. Therefore, the
monsoon is still the main hydrological driver. Winter precipitation is, however, still important to
replenish the soil moisture needed for winter crops.

Results from RCPs 4.5 and 8.5 future projections indicate an increase in actual ET in most
of the basin, and also an increase in precipitation and net water yield in a larger part of the basin,
except for a few sub-basins which are mostly in the transmountain region. Comparison of flow
ranges between the past and projected data indicate that the future changes during the dry season
(November-May) are within the past ranges. However, the future monsoon flows will be higher
than the past as demonstrated by higher averages as well as maximum flows. Therefore, flooding
occurrences are expected to increase with CC.

Countries comprising the Koshi Basin (Nepal, India and China) routinely feature on lists of
the most climate-vulnerable nations in the world, which is due to both drought and flood risks.
Already, the Koshi is termed the “sorrow of Bihar” as frequent floods kill hundreds of people and
affect thousands of hectares of agricultural land on an annual basis.

Results from this study show a high likelihood of stronger monsoons, which will increase
impacts and risks for monsoon-related disasters, such as landslides and floods, in the future.
Therefore, disaster risk reduction and management, especially related to floods, should be a priority
of the governments of Nepal, India and China.

Due to high water availability, the Koshi Basin is seen as having high potential for hydropower
and irrigation development. Most planning in the basin is still done at individual project level
without considering the impact at the basin scale. Hydropower and irrigation projects are also
being designed without considering the impacts of future CC. This study, therefore, also hopes to
contribute to the knowledge and information base to promote basin-level planning and safeguarding
against future CC impacts in the Koshi Basin.
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