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1. Introduction

Agriculture is heavily impacted by climate change, and yield re-
duction may result in the decline of food security worldwide,
especially in mountainous areas (Bhatt et al., 2013; Malla, 2008;
Olesen and Bindi, 2002; Parry et al., 2004). Agriculture requires much
water for irrigation, and worldwide roughly 70% of the water is used
by agriculture (Fader et al., 2011; Rost et al., 2008; e.g. Konar et al.,
2011), and increasingly so under population growth pressure. Most
relevant crops for food security are cereals, especially wheat, Triti-
cum L., maize Zea Mais L, and rice Oryza L (Confalonieri et al., 2009;
Supit et al., 2010; Torriani et al., 2007; Tubiello et al., 2000), re-
quiring significant amounts of water for production, i.e. rainfall and
often irrigation during summer or dry season (Bocchiola et al., 2013;
Nana et al., 2014). Under climate change the need of water for crop-
ping may increase, requiring adaptation strategies (e.g. Bocchiola
et al.,, 2013; Torriani et al., 2007). Effects of climate on agriculture
may include (i) effect of CO, increase on plant respiration
cycle, especially for plants of type C3, and less for type C4
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(Jarvis et al., 1999; Leuning, 1995; Morison, 1999), (ii) effects of
temperature and rainfall changes (Brouwer, 1988), and (iii) effect
of sea level rise, and reduction of cultivable lands (e.g. Zanoni
and Duce, 2003). Climate change as projected for the 21st century
may significantly alter crop production (FAO, 2009; Rosenzweig and
Hillel, 1998). The recently issued assessment report 5 AR5 of the
Intergovernmental Panel on Climate Change (IPCC) states that neg-
ative impacts of climate trends have been more common than
positive ones worldwide (IPCC, 2013), and there are between 5 and
200 million additional people at risk of hunger within 2100 (Olesen
and Bindi, 2002; Olesen et al., 2007).

This study focused on the Indrawati river basin, Nepal, Hima-
layas. Nepal's varied topography and social vulnerability make the
country particularly susceptible to climate change (Agarwal et al.,
2014; Awasthi et al., 2002; Eriksson et al., 2009; Karki and Gurung,
2012; Maskey et al., 2011; Nyaupanea and Chhetrib, 2009; Rai, 2007;
Shrestha and Aryal, 2011). In turn, Nepal has low adaptive capac-ity
to respond to the variability due to climate change (Dulal et al.,
2010). Small scale (average 0.7 ha), subsistence agriculture is the
mainstay of Nepal’s economy, employing 78% of the workforce, and
contributing nearly 36% of Nepal’'s GDP (World Bank, 2012). Only
27% of agricultural land has access to irrigation, and it is located
above all in the Terai zone (the southern belt along the
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Nepal-India boarder), whereas the great part of arable land is rain-
fed. The effect of recent climate change in Nepal includes rapid
temperature increase (Eriksson et al., 2009; Malla, 2008; Rupa Kumar
et al.,, 2006), erratic rainfall pattern, decreased length of Winter, and
increased frequency and length of droughts (Sharma and Dahal,
2011). Therefore, the question arises whether present and perspec-
tive climate change may impact (negatively) on cropping, and food
security locally. Even further, one needs a tool able to provide con-
jectures on future crop production, usable to develop (i) potential
adaptation to climate change, (ii) modified cropping strategies in-
cluding irrigation, and (iii) assessment and optimization of crop yield,
and water usage under prospective climate change.

The objectives of this study were therefore (i) to set up a tool
able to accurately mimic the hydrological cycle of the high alti-
tude, topographically complex Indrawati river catchment, based upon
climate inputs, (ii) to model accurately crop yield in the area for three
key cereal species (wheat Triticum L., maize Zea Mais L., and rice Oryza
L.), based upon little available agronomic information, and (iii) to
investigate quantitatively the potential effect of prospective climate
change scenarios (until 2100) on hydrology and crop production.

We used the Soil and Water Assessment Tool SWAT (Arnold et al.,
2010) coupled with climate scenarios from 3 general circulation
climate models (GCMs) included within the IPCC (Intergovernmen-
tal Panel for Climate Change) fifth assessment report 5AR, to obtain
arange of hydrological and crop projections possibly providing a
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reference for initial assessment of future conditions in the area, and
of potential adaptation strategies.

2. Material and methods
2.1. Description of study area

The Indrawati river basin (Fig. 1) extends from latitude 27°37'11”"N
to 28°10’12”N and longitude 85°45'21”E to 85°26'36"E, nested in
the mid-hills of the central region of Nepal, and located about 50 km
North-East of Kathmandu (capital city of Nepal). It is one of the seven
sub basins of the larger Sapta Koshi basin.

The Indrawati river originates from the Himalayas (over 5850
meters above sea level [masl]), and flows southwards to meet the
Sun Koshi River (at 623 masl), which then drains into the Sapta Koshi.
Indrawati river is 59 km in length, and has a catchment area of
1228 km?. The landscape is mostly made of rugged mountains, with
occasional plateaus where farming is done, and covers a climatic
range from subtropical to polar (Peel et al., 2007). Climate is gov-
erned by South Asian monsoon (carrying ca. 93% of total
precipitation), and rainfall and snow melt are major sources of inflow.
The rest of the year is considerably dry, with roughly 7% of the annual
precipitation from November to April. Despite the little precipita-
tion, Winter and Spring flow in the river are noticeable, due to
snow melting. Temperatures range from 5 °C to 32.5 °C, and the
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Fig. 1. Case study area. Indrawati basin location and elevation zones.



seasonal variation in temperature in the area is large (Bhattarai et al.,
2002; Sharma, 2002). Agriculture covers about 400 km?, approxi-
mately 50 km? of which has access to irrigation. Cereals like rice,
wheat, maize and millet are predominant, with rice being the most
preferred crop (monsoon rice in ca. 90% of cropping area, see also
Bhatt et al., 2013). In the lowest areas (below 1200 masl) farmers
grow three crops per year, including Spring paddy, due to access
to year-round irrigation facilities in the river and tributaries, and
warmer climate in the valleys. Farmers at the highest altitudes grow
only two crops per year, even with irrigation, due to cooler tem-
peratures. Farmers in the upper regions cannot grow Spring paddy,
as it matures late due to the cool climate, which coincides with the
plantation of the main season paddy.

Crop yield here is largely dependent on seasonal weather pat-
terns (Bartlett et al., 2011; WWF, World Wildlife Fund, Nepal, 2012).
According to recent findings (WWF, World Wildlife Fund, Nepal,
2012) in the Indrawati basin the water poverty index (WPI), mea-
suring water resources availability (Cook et al., 2007) was estimated
into 52.5 out of 100 (i.e. medium poor), with access to water being
a major issue, due to the harsh topography and poor government
planning. Therefore, the population of the area is at large risk of
severe impacts from changes in temperature and precipitation pat-
terns (Karki and Gurung, 2012; NAPA, 2010; WWF, World Wildlife
Fund, Nepal, 2012).

2.2. Topography, land use and soil data

The SWAT model requires topographical (GIS input), hydrologi-
cal, weather, and soil data. Topography was derived from a Digital
Elevation Model (DEM) from the Shuttle Radar Topography Mission
(SRTM, 2010), with resolution 90 m by 90 m (Fig. 1). Land use
(Fig. 2a) was based on a 400 m resolution map by WaterBase proj-
ects of United Nations University (WaterBase, 2010). SWAT requires
soil physio-chemical properties, namely hydrological group, texture,
hydraulic conductivity, bulk density, and organic carbon content.
The soil map of the catchment was derived from the Soil and Terrain
(SOTER) database for Nepal (Dijkshoorn and Huting, 2009), based
on ISRIC World Soil Information (Shakya, 2011).

2.3. Meteorological and hydrological data

The weather variables used in SWAT model are daily precipita-
tion, maximum and minimum temperature, relative humidity, wind
speed, and solar radiation. Weather data were collected from the
Department of Hydrology and Meteorology of Nepal (DHM, 2010).
Of the 13 weather stations (Fig. 2b) property of DHM in the study
area, two are climatic stations (Panchkhal, station ID: 1036 and
Nagarkot, station ID: 1043), measuring temperature, rainfall, and
relative humidity, while the others only measure rainfall. Data from
these stations cover the last 40 years, with some missing data (see
Shakya, 2011). SWAT requires definition of temperature lapse rate
within each sub watershed, to extrapolate temperature with alti-
tude. Given the few temperature stations available, a standard
temperature lapse rate (-6 °Ckm™") was taken, which was found ac-
ceptable, according to the hydrological model performance (Shakya,
2011). Using the available precipitation stations, an average lapse
rate was found based upon yearly precipitation (2.5 mm kmd1).
SWAT model uses distributed precipitation from the measuring sta-
tions, extrapolated at different altitudes within each sub watershed
using the lapse rate above. Solar radiation data were not available
in this case. SWAT model estimates solar radiation within each sub-
watershed based upon topography, dates, and rainfall conditions (see
Neitsch et al., 2011). While this may introduce some uncertainty,
the lack of radiation data made use of SWAT estimates necessary.
The SWAT model needs stream flow data for calibration and
validation, made available here from DHM, at the Helambu station

in Melamchi tributary outlet, and Dolalghat station at Indrawati basin
outlet (Shakya, 2011).

2.4. SWAT model

The Soil-Water Assessment Tool (SWAT) (Arnold et al., 2012; Betrie
et al.,, 2011; Schuol et al., 2008) is a watershed scale model developed
by the United States Department of Agriculture-Agricultural Research
Services (Neitsch et al., 2011). It is a physically based, semi-distributed
model, running on daily time step. SWAT predicts water budget dy-
namics as well as crop yields in different Hydrological Response Units
(HRUs) identified within the river basin. Each watershed is parti-
tioned, according to the topography, into a number of sub-basins
connected by a stream network (Fig. 2c). Each sub-basin is further
divided into several homogeneous Hydrological Response Units (HRUs),
i.e. lumped areas displaying unique land cover, soil, slope and man-
agement combinations. The plant growth component of SWAT is a
simplified version of the Erosion Productivity Impact Calculator (EPIC;
Izaurralde et al., 2006). In EPIC, plant development is based on accu-
mulation of heat units, with potential biomass based on the method
by Monteith and Moss (1977); a harvest index is used to calculate yield,
and plant growth can be limited by temperature, water, nitrogen or
phosphorus stress. The growth cycle of plants is regulated using heat
unit theory, widely adopted in the present literature (e.g. Stéckle and
Nelson, 1999; Stockle et al., 2003). A plant will grow once a base tem-
perature T, for growth is reached, and only the portion of the mean daily
temperature exceeding T, will contribute to growth. Potential plant
growth under ideal conditions of water and nutrients supply is calcu-
lated for each day of simulation, and actual growth is constrained by
water and nutrient stress, and heat stress. Here, nutrient cycling was
not considered for lack of data, and only water and temperature stress
were accounted for. A total number of 12 sub-basins were identified
for Indrawati catchment (Fig. 2c) and 572 HRUs were defined therein.
Additional land use refinement was performed before applying thresh-
olds and creating the HRUs. The agricultural land cover class CRGI
(Cropland/Grassland mosaic + irrigated cropland and pasture) was split
into four land cover classes (sub land uses), corresponding to differ-
ent crops (Table 1).

For each type of crop, two management practices were speci-
fied, namely, planting operation and harvest and kill operation. All
operations were scheduled by date (day and month) on the basis of
the cropping calendar described by Bhattarai et al. (2002) and
Sijapati et al. (2013). The basin was divided into 4 elevation zones,
each one having a different growth period for each crop (Table 2).
Subbasins from 1 to 3 were not considered as potential cropping
areas, due to their average altitude around 4000 masl, much higher
than the feasible crop cultivation range in Nepal. Spring rice was
not cultivated in basins 4, 5, 6 and 7 (above 1200 masl), because
Spring temperature is too low. Only rain-fed agriculture was con-
sidered, given scarce irrigation cover as reported, and it was assumed
that only the land with slope <50% was cultivated.

In addition to scheduling of planting and harvest operation,
the total number of heat units required for a plant to reach matu-
rity was calculated for every crop, using the mean temperature
within each subbasin. Each degree (°C) of the mean daily temper-
ature above the base temperature of the crop was taken as one
heat unit, as

PHU:iHU (1)

d=1

where PHU gives the total heat units for crop maturity, HU is the
number of heat units accumulated on day d, with d =1 sowing date,
and d = m day of crop maturity. Harvest was carried out at crop ma-
turity, and m was taken as the number of days between planting
and harvest.
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Fig. 2. SWAT model input. (a) Land use. CRGI, Cropland/Grassland mosaic + Irrigated cropland and pasture is the cropping area used here. (b) Meteorological and hydro-
logical stations. (c) Subbasins partition.



Table 1
Indrawati basin. Subdivision of land use in class CRGI (Cropland/Grassland mosaic + Ir-
rigated cropland and pasture).

Sub land use CRGI area [%] Watershed area [%]
Rice 22 123
Maize 25 13.9
Winter wheat 14 7.8
Alfalfa 39 217

Manual calibration of the hydrological module was pursued by
trial-and-error approach, modifying the most important param-
eters as highlighted in a former sensitivity analysis (Shakya, 2011).
Stream flow data from two gauges were used for hydrological cal-
ibration, one located at the Melamchi outlet in Helambu, and another
one located at the basin outlet at Dolalaghat station (Fig. 2b), avail-
able daily (from 2001 to 2008) and monthly (1975 to 1990).
Validation was carried out using daily stream flows available only
at Dolalghat (from 2006 to 2008).

First, calibration was carried out for Melamchi subbasin (Fig. 2c,
subbasin n. 3). The parameters found therein were used also for the
Larke and Yangri subbasins (Fig. 2c, subbasins n. 1 and 2), with similar
characteristics. After calibrating stream flow of the upstream gauge
(Helambu station), calibration was run for the downstream gauge
(Dolalghat station). The results obtained from the calibration at basin

Table 2
Crop calendar used for crop yield simulation in Indrawati basin.

outlet were applied to the remaining subbasins (subbasins n. 4 to
12, Fig. 2c). The performance of the model was evaluated via mean
percentage error Bias, Nash-Sutcliffe Efficiency (NSE) and squared
correlation coefficient (p?). Given the lack of site specific yearly crop
yield data, the crop model was calibrated by comparison against
mean yield values reported in the IWMI (International Water Man-
agement Institute) report (Bhattarai et al., 2002) for the Indrawati
basin. For calibration, some most sensitive parameters related to
plant morphology and phenology were tuned starting from refer-
ence values from literature.

2.5. Climate projections from GCMs

General circulation models (hereon, GCMs) are physically based
tools that can provide meteorological variables as output. GCMs
cannot represent several processes leading to precipitation occur-
ring at a resolution smaller than the grid size, and downscaling is
necessary to improve the quality of GCMs output (Groppelli et al.,
2011a). Three coupled GCM models were used for this
study (Fig. 3, Table 3), namely CCSM4 (Gent et al.,, 2011,
https://www.earthsystemgrid.org), ECEarth (Hazeleger et al.,
2011, http://ecearth.knmi.nl/) and ECHAMG6 (Stevens et al., 2013,
http://cera-www.dkrz.de). The authors have used these three
models, either in the present or former versions, in a number of
studies in Europe,
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Table 3
Main properties of the GCM models used here.
Model Research centre Grid size[°] N. cells Layers
CCSM4 Nat. Center for Atmospheric 125°x1.25° 288x144 26
Research, USA
EC-Earth Europe-wide consortium, EU  1.125°x 1.125° 320x160 62
ECHAM6 Max Planck Institute for 1.875°x 1.875° 192x96 47

Meteorology, GER

and Asia, and have set up and used specific downscaling tech-
niques that allow to provide acceptable representation of the local
climatic behavior (Bocchiola et al., 2011, 2013; Confortola et al., 2014;
Groppelli et al., 2011a, 2011b; Soncini and Bocchiola, 2011). The Rep-
resentative Concentration Pathways (RCPs) are greenhouse gas
concentration trajectories developed in the climate modeling com-
munity, and adopted in the IPCC’s Fifth Assessment Report AR5. The
pathways describe projections of the components of radiative forcing,
which is the change in the balance between incoming and outgo-
ing radiation to the atmosphere, depending primarily on changes
in atmospheric composition (IPCC, 2013). The scenario set contain-
ing emission, concentration and land-use trajectories is composed
of four RCPs (RCP 2.6, RCP 4.5, RCP 6, and RCP 8.5) that were defined
according to their range of radiative forcing values in the year 2100
(+2.6, +4.5, +6.0 and +8.5 W/m?, respectively). Here, three RCPs (2.6,
4.5, 8.5) were used, with RCP4.5 and RCP6.5 being somewhat similar.
Downscaling of the GCMs output of precipitation and tempera-
ture was pursued using state of the art statistical downscaling
methods (Groppelli et al., 2011b). Daily precipitation from the GCMS
was downscaled using Stochastic Space Random Cascade (SSRC) ap-
proach (e.g. Bocchiola, 2007; Bocchiola and Rosso, 2006). This method
showed good performance in downscaling daily precipitation from
GCM models that are normally weak in mimicking measured daily
precipitation. After downscaling using SSRC, daily precipitations from
GCMs possess proper average, and second order statistics (i.e. vari-
ance), thus being usable for unbiased development of climatic
projections (for explanation of the method, see Groppelli et al.,
2011a). This method involves two main steps, namely Bias correc-
tion, and spatial disaggregation of precipitation. Model calibration
was carried out using a series of 26-year (1980-2005) observed daily
precipitation data from the 12 rain gauges within the watershed.
The SSRC downscaling method was calibrated for each of the avail-
able rainfall stations. Multiplicative Bias removal of the GCM
precipitation (i.e. to fit with stations’ average rainfall) was carried
out seasonally, and subsequently the intermittence parameter of the
random cascade (regulating dry spells duration), and the random
noise parameter (regulating precipitation intensity) were season-
ally calibrated for each station. So doing, GCMs’ precipitation could
be downscaled to each of the precipitation stations, and subse-
quently redistributed against altitude according to the lapse rate
above. Downscaling of temperatures is achieved by comparison of
mean seasonal temperatures gauged at the local stations against the
mean values derived from GCMs. The difference (AT) between
average values is used to correct the future temperatures provid-
ed by climate models. Model calibration was carried out using a
series of 26-year (1980-2005) observed daily mean temperature data

from the 2 temperature gauges within the watershed. Tempera-
tures in the catchment are then extrapolated in the SWAT model
at different altitudes using the lapse rate above.

2.6. Hydrological and crop yield projections

Using the calibrated SWAT model, fed with the weather inputs
as from the three considered GCM models (and three RCPs), we simu-
lated potential in stream fluxes (at Dolalghat), and potential basin
wide crop yield of rice, maize, wheat for the two reference decades
2045-2054 (hereon, 2050), and 2085-2094 (hereon, 2090), to be
benchmarked against a control decade (1995-2004, henceforth re-
ferred to as CO). So doing, we obtained nine potential scenarios of
water resources availability and crop yield. We assumed no changes
of management operation and land use until 2010, while the climate
input and concentration of CO, were set according to values esti-
mated by each model and each RCP.

3. Results
3.1. Hydrological fluxes and crop yield from SWAT model

A summary of calibration and validation results of the model is
reported in Table 4, and in Figs. 4 and 5.

Concerning in stream flow, the model performed relatively well
at both daily and monthly scales. Acceptable NSE values (>0.7) dem-
onstrated a reasonable agreement between observed and simulated
flows, and noticeable values of p?(>0.7) indicate considerable cor-
relation between the two. The Bias of simulated annual discharge
from the observed discharge was low, except for the analysis of the
monthly simulation (1975-1990) at basin outlet, where the model
underestimated by -9% in stream flows. At monthly time step the
model was more accurate, especially at basin outlet (Dolalghat,
NSE = 0.94, p*> = 0.95). At Melamchi basin, the peak flow was con-
siderably underestimated during 2004, and overestimated during
2008. Sometimes peak discharges were not captured at Dolalghat.
However, model calibration and validation were more accurate at
basin outlet. Upper sub-catchments did not have meteorological sta-
tions, so rainfall (and snowfall) patterns are more uncertain, which
might have made the results worst. In Fig. 5 the results obtained
from calibration of crop yield are shown, and in Table 5 calibra-
tion parameters are reported, displaying slight variations from the
default values from literature. The mean value of crops yield coming
from IWMI (International Water Management Institute) report
(Bhattarai et al., 2002) were first compared to the mean produc-
tion for Nepal in year 2010-2011 (Aryal et al., 2011). The national
crop production in 2010-2011 showed an average yield of
2.98 ton ha™! of rice, 2.28 ton ha™! of maize, and 1.12 ton ha™ of
wheat. These are in agreement with IWMI Report (namely, 2.75 ton
ha-1, 2.45 ton ha' and 1.70 ton ha™', respectively). The mean crop
yields during 1995-2004 as simulated by SWAT appear in reason-
able agreement with these reported statistics, with possibly
some underestimation for wheat (2.45 ton ha', 2.52 ton ha™' and
1.17 ton ha™!, respectively).

Table 4
Indrawati basin. SWAT hydrological calibration and validation results.
Station Variable NSE [.] Pl Mean annual flow [m3s]
Period Daily Monthly Daily Monthly Obs. Sim. Bias [%]
Helambu 2001-2008 (calib) 0.72 0.77 0.72 0.77 10.6 104 -1.43
Dolalghat 1975-1990 (calib) - 0.85 - 0.87 914 83.1 -9.14
2006-2008 (valid) 0.87 0.94 0.87 0.95 80.6 79.4 -1.46
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Fig. 4. SWAT hydrological calibration and validation. (a) Daily hydrograph at Melamchi outlet, period 2001-2008 (calibration). (b) Daily hydrograph at Indrawati outlet,

period 2006-2008 (validation).

3.2. Future climate scenarios

In Table 6, the main results of future climate scenarios projec-
tion are presented. Therein, we report the CO;
atmospheric concentration adopted within the GCM models, and
provided from the RCP Database (Version 2.0.5) website. As
suggested by the SWAT model manual (Arnold et al., 2010), CO,
during the control period was taken as a default value of ambient
concentration of 330 ppm. Since SWAT allows us to enter a
maximum value of 800 ppm of CO,, this value was adopted to
simulate decade 2085-2094 related to RCP 8.5, instead of 844.80
ppm, projected in RCP Database. In Table 6 we report the values of
seasonal temperature, precipitation, and CO, (the latter constant)
on the catchment, as projected by the three models under the
three RCPs used here, after downscaling, against the CO period as
measured in reference ground stations.

Temperature increase is expected in all scenarios, and the great-
est increase is expected under RCP 8.5. Some decreasing trends are
projected by CCSM4. Winter temperature under RCP 2.6 displays
a decrease in 2050, and 2090, and also a slight reduction in 2050
under RCP 4.5. Under RCP 4.5 and 8.5, the highest rise in temper-
ature would emerge during Winter and Spring, except for CCSM4,
where warming would be more pronounced in Spring and Summer.
ECHAMBG6 projected a largest increase in Winter, while in any other
season temperature was expected to rise the most by CCSM4, under
all RCPs.

3.3. Future flow scenarios

Future projected monthly flows as simulated by SWAT, with rel-
ative error bars (5%), are reported in Fig. 6. Generally mean monthly
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discharge presented a variation of nearly 20% from the CO period
values. The largest variation was given by CCSM4 (Fig. 6a) climate
input, with largest increase in Autumn and Winter (September to
February) during 2045-2054, under RCP 2.6. The outputs of ECHAM6
(Fig. 6¢) reduced annual river discharge in every decade and RCP,
except under RCP 4.5 in 2050, while a more variable pattern (either
decreasing or decreasing discharge also for different months) was
seen using ECEarth (Fig. 6b).

3.4. Future crop yield scenarios

Prospectively modified temperature, precipitation, and CO, con-
centration under climate change scenarios drove some changes in
annual yield of our three crops in Indrawati basin. Average values
for each decade, GCM model, and RCP are reported in Fig. 7. Rice
(Fig. 7a) clearly tends to remain slightly higher than during the CO
period in both the reference decades, for all GCMs, and RCPs. Sole
exception is the ECHAM6 model at 2090, under all RCPs. Projected
maize yield is more variable. CCSM4 always projected decreasing
maize yield, especially in 2050, under all RCPs. ECEarth model pro-
jected substantially constant (slightly either decreasing or increasing),
while ECHAMG6 depicted maize yield as increasing at 2050, but de-
creasing at 2090, under all RCPs. Concerning wheat, CCSM4 projected
decreased yield, differently for each RCP, and decade, with 2050
having a minimum, and 2090 displaying slight increase. ECEarth

always depicted yield as increasing, while ECHAMS6 depicted con-
stant yield at 2050, and decreasing yield at 2090.

4. Discussion
4.1. SWAT model performance

The SWAT model could be set up and tuned to mimic reasonably
well stream flows of the Indrawati basin. From Fig. 4a, some criticali-
ties arise in depicting flows at Helambu station for some years (e.g. in
2008). Clearly from Fig. 2b and c, precipitation in the Helambu basin
(subbasin 3) is not measured, but rather extrapolated from stations at
lower elevations, possibly leading to inaccurate depiction of hydro-
logical cycle. Fig. 4b shows a somewhat better agreement of SWAT
modeled discharges against observations at Dolalghat (e.g. for year 2008),
unless for some peaking discharge values during Summer. The lack of
distributed information of temperatures may have impacted the hy-
drological simulation, because temperature regulates snow fall, and snow
melt at thaw, and evapotranspiration.

The simulated crop yields from the SWAT model are benchmarked
against available literature data, providing approximate average values.
Fig. 5 displays that maize, and possibly rice are well depicted, while wheat
is somewhat underestimated. In spite of the slight disagreement here,
we may assume that the SWAT model can be used here to assess the
potential impact of future weather patterns as from GCMs on crop yield.

Table 5

Indrawati basin. SWAT crop yield calibration parameters.
Parameter Definition Rice Corn Wheat

Default Calib. Default Calib. Default Calib.

HVSTI Harvest index [kgha'/(kgha™)] 0.5 0.6 0.5 0.43 0.4 0.5
WSYF Lower limit of harvest index [kgha~!/(kgha™1)] 0.25 0.5 0.3 0.25 0.2 0.45
BLAI Maximum potential leaf area index [m? m2] 5 5 6 5 4 4
BIO_E Radiation use efficiency [kgha ! MJ! m?] 22 22 39 35 30 30
Thase Minimum temperature for growth [°C] 10 10 8 10 0 0
Topt Optimal temperature for growth [°C] 25 25 25 25 18 18




Table 6

Indrawati basin. Projected CO; concentration per decade according to the chosen RCPs. Projected average seasonal temperatures vs CO in reference station 1043, and sea-
sonal average cumulated precipitation vs CO in reference station 1018.

RCP (decade) 2.6 (2050) 4.5 (2050) 8.5 (2050)
Co, 330 443 487 540
T co CCSM4 ECEarth ECHAM6 CCSM4 ECEarth ECHAM6 CCSM4 ECEarth ECHAM6
JEM 104 9.2 109 117 10.2 114 116 108 119 13.0
AM] 18.0 16.6 19.0 18.8 17.8 198 201 181 20.2 204
JAS 18.8 202 19.8 19.4 206 205 20.3 20.7 205 212
OND 12.9 16.5 139 13,5 16.9 141 14.0 175 14.9 14.7
Year 15.0 15.6 15.9 15.9 164 16.5 16.5 16.8 16.9 173

2.6 (2090) 4.5 (2090) 8.5 (2090)
T co CCSM4 ECEarth ECHAM6 CCsSM4 ECEarth ECHAMG6 CCSM4 ECEarth ECHAMG6
€O, 330 426 534 845(800)
JEM 104 9.7 10.5 10.7 112 12.0 12.9 135 14.5 16.0
AM] 18.0 17.7 18.7 179 18.8 20.7 20.7 213 226 239
JAS 18.8 19.9 19.7 201 20.7 20.7 21.2 225 226 236
OND 12.9 15.0 134 13.0 161 15.0 145 18.3 171 16.8
Year 15.0 15.7 16.3 16.2 16.9 178 183 191 19.9 212
RCP (decade) 2.6 (2050) 4.5 (2050) 8.5 (2050)
P co CCSM4 ECEarth ECHAMS6 CCSM4 ECEarth ECHAM6 CCSM4 ECEarth ECHAM6
JEM 104.2 331.2 108.9 74.7 169.0 84.6 162.4 89.0 358 58.0
AM] 179.8 1114 190.7 1513 98.0 190.6 113.1 104.8 1913 117.9
JAS 188.2 2343 1714 1733 2752 196.6 195.2 29222 181.2 1765
OND 1288 6143 87.3 88.4 560.0 2338 175.0 4852 14738 86.1
Year 1803 3873 1675 1463 3306 1487 1937 2914 1668 1315
RCP (decade) 2.6 (2090) 4.5 (2090) 8.5 (2090)
P co CCSM4 ECEarth ECHAMS6 CCSM4 ECEarth ECHAM6 CCSM4 ECEarth ECHAM6
JEM 104.2 206.9 78.0 1274 274.0 89.3 65.6 235.9 58.9 86.9
AM] 179.8 1443 2027 107.6 1449 200.5 1195 117.7 2303 814
JAS 188.2 2436 175.7 179.1 2535 183.2 203.6 264.7 187.0 188.8
OND 12838 200.2 109.6 94.9 168.2 132.6 1033 3158 1173 1935
Year 1803 2385 1698 1527 2521 1817 1476 2802 1781 1652

4.2. Climatic and hydrological scenarios

Substantially all GCMs depict a warming weather until half
century, and further at the end of century. The only exception is given
by the CCSM4 model, projecting a decrease in temperature in Winter
and Spring at 2050 and 2090 along RCP 2.6, and (very slight) de-
creasing temperature in Winter and Spring at 2050 along RCP 4.5,
but increasing rapidly ever after. Precipitation patterns are indeed
more variable. The CCSM4 model depicts a very large (possibly un-
reasonable) increase of precipitation at 2050 (3873 mm y ', RCP 2.6
to 2914 mm y~', RCP 8.5 vs 1803 mm y~' in CO period), mostly given
by a large increase (three times as much as the CO period) during
Winter and Fall. However, precipitation tends to decrease quickly
in CCSM4 projections until 2090, albeit always larger than the CO
run. Both ECEarth and ECHAMG6 depict a substantially decreasing
pattern of precipitation until 2050 and 2090, with difference as per
the different RCPs and the season.

Few studies were carried out hitherto, focusing upon future
climate of Nepal, which can be used as a benchmark here. Agrawala
et al. (2003) examined the results of the OCDE Development and
Climate Change project for “Development and climate change in
Nepal: focus on water resources and hydropower”, where climate
change scenarios (until 2100) for the entire Nepal were assessed,
using MAGICC/SCENGEN suite of 7 best performing (out of 17) GCM
models under the B2 SRES scenario (Houghton et al., 2001). They
found a projected change of average yearly temperature (against
1977-1994) in the order of +1.7 °C until 2050, and of +3.0 °C until
2100 (here, on average under the RCP4.5, qualitatively compara-
ble to B2 scenario moderately optimistic, we found +1.4 °C until 2050,
and +2.6 °C until 2090). Precipitation changes in Agrawala et al.
(2003) were cast as +7.3% until 2050 and +12.6% until 2090 (yearly

precipitation in baseline period 1433 mm y '), with large devia-
tions from one another. Here we found on average under RCP4.5
+24.4% until 2050 and +7.5% until 2090, although with a large spread.
Karmacharya et al. (2007) used REGCM3 model (Giorgi, 1990) to
project Nepal climate under A2 SRES scenario until 2070 (average
2039-2069). Considering East Nepal here, they projected an in-
crease (vs 1961-1990) of temperature of +1.9 °C yearly (here, +2 °C
by 2050 under RCP8.5, comparable to A2, scenario pessimistic or
business as usual), +2.1 in Winter (here, +1.5 °C), and +1.9 °Cin
monsoon season (here, +2 °C in Summer). Precipitation in Agrawala
et al. (2003) was projected to decrease by -9.6% in Winter, —18.1%in
monsoon season, and —13.2% annually. Here, we found on average
—-41.6% in Winter, +15% in Summer, and +9.5% yearly, but with CCSM4
providing large increase in Summer and Fall (thence, yearly). Con-
sidering only ECEarth and ECHAMSG, one has -54% in Winter, -5%
in Summer, and -17.3% yearly, somewhat more consistent with the
results above. A largest spread is seen for CCSM4 model for pre-
cipitation during Winter and Fall until 2050. Accordingly, more
uncertainty may be expected therein.

In projecting hydrological cycle and crop yield until 2100 we
had to rely on the assumption that the model calibrated against
past records is applicable to future conditions, which is a critical
assumption. This limitation needs to be kept in mind when com-
menting our results. Fig. 6 reports modified monthly stream flows
at Dolalghat closure section, benchmarked against CO period (1995-
2004). CCSM4 model (Fig. 6a) predicts large increase of stream flows
until 2050, and slightly decreasing until 2090, and somewhat larger
for RCP8.5. This results from the considerable increase of precipi-
tation by CCSM4 during Fall until 2050, and to a smaller degree in
Summer (Table 6), with September displaying large precipita-
tion increase. Larger precipitation at Fall and Winter implies larger
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accumulation of snow at the highest altitudes (subbasins 1-3, Fig. 2c¢),
which in turn sustains in stream flows at thaw, occurring at the
highest altitude until September. The yearly average projected runoff
at 2050 is of 113.9 m? s™! under RCP2.6 (RCP4.5, 120.6 m? s}, RCP8.5,
122.3 m?s71), and at 2090 it is 110.4 m? s! under RCP2.6 (RCP4.5,
114.3 m3s!, RCP8.5, 116.4 m?s'), against 81. 9 m?s~! of CO run. Error
bars are considerably larger for some of the projected scenarios, thus
implying less predictability and larger potential for high flows (and
floods).

ECEarth (Fig. 6b) depicts substantially unchanged discharge, with
monthly difference as per different RCPs, with no clear pattern.
However one can notice larger error bars than in the CO run, in this
case leading to potential for lower floods and possibly droughts. The
yearly average projected runoff at 2050 is of 82.7 m? s~! under RCP2.6
(RCP4.5, 88.1 m3s™!, RCP8.5, 83.7 m3s™'), and at 2090 it is 81.3 m3s™!
under RCP2.6 (RCP4.5, 84.2 m3s~', RCP8.5, 81.3 m3s1), substantial-ly
unchanged against CO. This seems expected, given the substantially
unchanged (albeit slightly decreasing) precipitation patterns under
all RCPs for ECEarth.

Under ECHAMSG6, Winter CO values are substantially met, while
in Spring and monsoon season (especially in June and July) in stream
discharge is largely decreasing. This stems from the low precipita-
tion by ECHAMG6 during Spring and early Summer (Table 6). Here,
the yearly average projected runoff at 2050 is of 74.8 m® s™! under
RCP2.6 (RCP4.5, 72.5 m3 s7!, RCP8.5, 67.4 m? s7'), and at 2090 it is
74.6 m? s under RCP2.6 (RCP4.5, 73.0 m®s~!, RCP8.5, 65.8 m3s™'),
visibly lower (until -20%) than CO run. Again here, larger varia-
tion is expected than in Summer. The variability of the hydrological
projections stems from the variability of the precipitation sce-
narios. This is witnessed also in the present literature concerning
future hydrological cycle and cropping systems worldwide (e.g. Bavay
et al., 2009; Bocchiola et al., 2011, 2013; Confortola et al., 2014;
Groppelli et al., 2011b; Immerzeel et al., 2010; Olesen et al., 2007).
Here, precipitation is the strongest driver of the hydrological cycle,
because little buffer is provided by the snow and glacier cover, as
often seen in the southern Himalayas (Kaser et al., 2010; Konz et al.,
2007), and precipitation feeding is much larger with respect to the
northern Himalayas (e.g. in the much drier Karakoram, Bocchiola et
al,, 2011; Winiger et al., 2005). Scientific effort should be there-fore
focused on developing methods for reducing the uncertainty of
future precipitation assessment.

4.3. Rice yield scenarios

Fig. 7a reports potential future rice yield. Within Indrawati basin
both Spring paddy and Summer paddy (also called monsoon paddy,
Table 2) are cultivated, which were lumped here. Summer rice was
cultivated in all subbasins, whereas Spring rice was grown only below
1200 masl. Rice is a C3 plant, so an increase in CO, (Table 6) may
increase yield. ECHAMBG6 predicts a noticeable decrease until 2090,
and more so for increasing RCP (down to -17%). This stems from
decrease in precipitation during Spring and Summer, especially under
RCP8.5. The largest decrease at 2090 under RCP8.5 was induced by
a temperature increase of +4.8 °C and a mean value of 11.41 water
stress days during the rice growth season. Rice yield in Fig. 7a is
averaged on the whole catchment, and yet some variability was seen
depending on altitude. For instance, in subbasin 9 (Fig. 2c), rice pro-
duction increased by +19.35% until 2090 under RCP4, and by +20.67%
and +40.49% (about 1 ton ha™'), until 2050 and 2090 under RCP8.5
(not shown for shortness). Biomass stopped growing one month
earlier than in CO due to the increase in temperature, but with larger
yield. Other subbasins higher than subbasin 9, i.e. subbasin 4, 6 and 7
had shorter growth periods, and yield was reduced according to the
general trend. Variability at subbasin scale may be impacted by poor
depiction of climate patterns (especially temperature), and yet

it is worth noticing large potential changes in cropping systems due
to large topographic gradients in this area.

SWAT model accounts for the effect of CO, upon biomass
production using the method by Stéckle et al. (1992), valid approx-
imately within the range 330-660 ppm. It is not actually known what
may happen for higher concentration of CO,, such as projected under
RCP8.5 (i.e. 845, set to 800). Recent studies based upon controlled
experiments (free air CO, experiments FACE, e.g. Kim et al., 2003;
McMurtrie et al., 2008) demonstrated that for CO, concentration,
as high as 700 ppm biomass growth of plants (including rice) may
be modified (i.e. either amplified or reduced) under water and nu-
trient limitation. The results provided here for RCP8.5, displaying a
very large CO, concentration, may be critical in this sense. ECHAMG6
displayed larger error bars than CO, indicating less dependable yield,
and potentially more risk for food security (Torriani et al., 2007).

CCSM4 increased rice yield up to +12% under RCP8.5 in 2050,
although constantly higher until 2090. This is consistent with in-
creasing precipitation and temperature in CCSM4 under all RCPs.
On the other hand, under RCP 8.5, precipitation was almost un-
changed between 2050 and 2090, and relative decrease of rice yield
was driven by increase of temperature. Rice growth season became
warmer until 2090, with +4.6 °C vs CO in Spring, hampering rice
growth, and then decreasing production (from +12.1% to +7.0%).
Subbasin 4 (Fig. 2c), the highest with cropping (1800-2200 masl),
had decreasing rice yield in all projections with CCSM4 (not shown).
Biomass growth therein stopped sooner than in CO, by one month
(i.e. September) in 2050 and 2090 for all RCPs, and by two months
(i.e. August) in 2090 for RCP 8.5. This was due to warmer condi-
tions in this high altitude area during 2050 (+2.5 to +3 °C vs CO) and
2090 (+2.6 to +4.5 °C vs CO) for all RCPs. ECEarth model projected
slight increase of rice yield. The same behavior of subbasin 4 re-
ported above for CCSM4 was seen in ECEarth, with a decrease of
—-27.4% in 2090 for RCP 8.5.

Rice production seems somewhat robust in the face of poten-tial
climate change in the next century. If one takes as more likely the
intermediate RCP4.5, rice yield should not be largely impact-ed,
besides increase year to year variability. In this sense, rice is a most
suitable crop for Indrawati basin in the future. Some de-crease is
expected under RCP8.5 of the ECHAMG6 model, i.e. for large decrease
of precipitation, and large increase of temperatures (making growth
season shorter, according to heat units approach), only at the end
of century. Also, one has to verify the potential response of rice to
very high CO, concentration under RCP8.5 scenario. Po-tential
adaptation strategies for future climate change may thus include
larger use of irrigation to make up for water stress (e.g. Bocchiola
etal., 2013), anticipation of sowing date, and possibly use of
modified (i.e. slower maturing) cultivars (i.e. with higher heat units,
e.g. Torriani et al., 2007; Tubiello et al., 2000), also varying with al-
titude. Also, potential lack of nutrients need to be verified, which
we did not consider here for lack of information, together with
potential land use changes in the future.

4.4. Maize yield scenarios

Maize is cultivated from April/May to July/August. Maize is a C4
plant, and its productivity is less influenced by increase in CO, at-
mospheric concentrations (e.g. Bocchiola et al., 2013). Maize yield
from CCSM4 (Fig. 7b) always decreased. Under RCP2.6 yield in 2050
was smaller than in 2090, and similarly under RCP4.5, in agree-
ment with larger water stress during Spring at 2050 (Table 4). For
CCSM4 Summer temperature in 2090 was in practice the same as
in 2050, and even lower by —0.5 °C for RCP 2.6 (Table 6). Under RCP8.5
maize yield in 2090 was slightly lower than in 2050, because, unlike
under the other RCPs, water stress was larger by the end of the
century, following a large reduction of precipitation during Spring
(Table 6). Subbasin 10 (Fig. 2c) showed an increasing yield in all sce-



narios (not shown), especially under RCP4.5 and RCP8.5, and by the
end of the century maize yield grew by +16.2% and +30.2% respec-
tively. This increase was coherent with temperature increase in the
subbasin, by +1.7 °C in 2090 for RCP 4.5 and 8.5.

Under ECEarth model the largest increase under RCP2.6 and
RCP4.5 was observed in 2090, due to slightly increased Spring
precipitation. Subbasin 4 had a reduction in maize yield, larger at
2090. Temperature stress (18 temperature stress days) exceeded the
mean value for the basin, and was experienced during the century
under RCP4.5 and RCP8.5 at 2050 and 2090. Under ECHAMS6 the
largest increase was reached in 2050 under RCP2.6, while the largest
decrease was at 2090 for RCP8.5. Also with ECHAMG6 subbasin 4 had
decreased maize yield at 2050 under RCP4.5 and RCP8.5 reduced
maize productivity by —21.8% and —29.7%, respectively. This was due
to an average of 19.6 temperature stress days at 2050 (RCP4.5),
and of 15.8 water stress days for RCP8.5. ECHAMG6 displayed here
the largest error bars for all RCPs and both decades, witnessing a
potential for large variability and increased risk for maize
cropping.

Maize seems a most critical crop for Indrawati basin in the future.
Already at half century, large decrease and increased year to year
variability are expected, as a result of increasing temperatures and
decreased precipitation. Toward the end of century the projected
situation seems critical, with most scenarios projecting large de-
crease. These results are consistent with those from studies on maize
worldwide (e.g. Bocchiola et al., 2013; Torriani et al., 2007), indi-
cating that this highly water consuming crop may suffer largely from
climate change effects. Adaptation strategies for maize cropping in
the Indrawati basin will likely be necessary soon enough, includ-
ing use of irrigation, change of sowing date, and possibly of different,
slower maturing cultivars. Increased use of irrigation may provide
increased specific (i.e. per kg of yield) water footprint for maize (e.g.
Bocchiola et al,, 2013; Nana et al., 2014), potentially raising the ques-
tion as to whether maize production may be feasible and sustainable
in the Indrawati catchment. The approach we developed here may
be used in the future to test adaptation strategies and potential
sustainability of maize cropping.

4.5. Wheat yield scenarios

Wheat was the only Winter crop considered here, growing ap-
proximately from November to May. Much like rice, wheat is a C3
crop, positively affected by increase of CO,. Under CCSM4, the largest
decrease (-35.9%) occurred under RCP2.6, due to a considerable de-
crease in Spring temperature (Table 6). Under ECEarth model, RCP4.5
delivered an increase of +8.8% at 2050 and 16.2% at 2090, follow-
ing temperatures increasing in Winter and Spring. Scenario 8.5
depicted +13.2% wheat yield at 2050 and +18.1% at 2090, due to CO,
increase, higher temperatures, and increasing Spring precipitation
(Table 6). Under ECHAMBG6, RCP 2.6 showed a slight increase of wheat
yield at 2050 given by slightly warmer climate, with still accept-
able precipitation, but mostly decrease thereafter.

Wheat seems the most critical crop among our three target
species. At half century under all scenarios a large variability of
yearly yield is seen, and sensible decrease in mean precipitation
during already dry Winter and Spring may largely affect mean
yield (see Bhatt et al., 2013). At the end of the century, most sce-
narios depict considerable decrease of precipitation and yield.
Therefore, in the future, more stable production of wheat may be
given by water supply from irrigation, otherwise making wheat pro-
duction largely insecure. The necessary amount of water and
feasibility of wheat production under future climate will require spe-
cific investigation henceforth. Again here, one has to verify the
potential response of wheat to very high CO, concentration under
RCP8.5 scenario.

5. Conclusions

Our “what if” study provided new insights into the potential
fallout of global warming upon food security of population living in
the Indrawati catchment. Notwithstanding the relative lack of
weather data, especially at the highest altitudes, we could mimic
the hydrological cycle of the area acceptably well. Even more sparse
is the knowledge of crop productivity in the area and of its vari-
ability with topography and climate, so the SWAT model was used
to provide a representative depiction of distributed crop yield within
the catchment. The outputs from our chosen GCMs and RCPs con-
sistently depict an increase of CO,, and in temperature, but more
variable output of precipitation. Prospective impact on crop yield
is consequently variable.

Rice yield would be constant on average at the end of the century
(+1%), but with a large spread between —-17% (ECHAMG6, RCP8.5) and
+9% (CCSM, RCP4.5), and with a larger year to year variability than
present. These issues are critical, and yet rice seems a suitable
crop in Indrawati basin under future climate, pending enacting of
adaptation strategies, most notably irrigation.

Maize yield would decrease on average by —5% at the end of the
century, ranging from -17% (ECHAMG6, RCP 8.5) to +4% (CCSM4,
RCP4.5), again with large year to year variation. Large water re-
quirements of maize will make it necessary to develop irrigation
systems for sustainable cropping under future climate.

On average, wheat yield would decrease by —2% at 2090, but it
may reach down to -25% according to CCSM4 (RCP2.6), and up to
+18% according to ECEarth (RCP8.5), and under most scenarios (5
out of 9) wheat yield decreases. Wheat displays the largest year to
year variability among our three crops, being the most insecure crop
in this sense, and widespread irrigation systems will be utmost
necessary for adaptation under climate change.

Rainfall variability between models and RCPs plays a large role
in modifying crop patterns. Concerning the different RCPs, RCP2.6
and RCP8.5 depict in practice more extreme pathways (i.e. either
very optimistic or very pessimistic). Thus, RCP4.5, which depicts an
intermediate situation, may be taken as more credible. The mod-
eling tool we built here provides a way to investigate potential
adaptation strategies under future climate scenarios, including use
of water for irrigation, cultural practices (e.g. sowing and harvest-
ing dates), land use changes, and use of different cultivars. Also,
nutrient dynamics and manuring will need be explored, given that
nutrient lacking may hamper present crop production. The re-
sponse of crops to climate change may vary with altitude, so in the
future crop dynamics will be investigated in this respect, and ad-
aptation strategies explored accordingly. Our results show that
climate change may put at stake food security in the Indrawati catch-
ment and in the high altitude areas of Nepal in the near and mid-
term future. Food demand in the country is going to increase due
to the growing population and consumption patterns, and increas-
ing crop yield is needed. Our work here may contribute to assessment
of future food security in this delicate area, and to initiate plan-
ning of adaptation under a scientifically driven, quantitative
framework, that, uncertain as it may be, can indeed provide
guidance to policy makers.
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