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Abstract: Irrigation-led farming system intensification and efficient use of ground and surface water
resources are currently being championed as a crucial ingredient for achieving food security and
reducing poverty in Nepal. The potential scope and sustainability of irrigation interventions under
current and future climates however remains poorly understood. Potential adaptation options in
Western Nepal were analyzed using bias-corrected Regional Climate Model (RCM) data and the Soil
and Water Assessment Tool (SWAT) model. The RCM climate change scenario suggested that average
annual rainfall will increase by about 4% with occurrence of increased number and intensity of rainfall
events in the winter. RCM outputs also suggested that average annual maximum temperature could
decrease by 1.4 °C, and average annual minimum temperature may increase by 0.3 °C from 2021 to
2050. Similarly, average monthly streamflow volume could increase by about 65% from March-April,
although it could decrease by about 10% in June. Our results highlight the tight hydrological
coupling of surface and groundwater. Farmers making use of surface water for irrigation in upstream
subbasins may inadvertently cause a decrease in average water availability in downstream subbasins
at approximately 14 %, which may result in increased need to abstract groundwater to compensate
for deficits. Well-designed irrigated crop rotations that fully utilize both surface and groundwater
conversely may increase groundwater levels by an average of 45 mm from 2022 to 2050, suggesting
that in particular subbasins the cultivation of two crops a year may not cause long-term groundwater
depletion. Modeled crop yield for the winter and spring seasons were however lower under future
climate change scenarios, even with sufficient irrigation application. Lower yields were associated
with shortened growing periods and high temperature stress. Irrigation intensification appears to be
feasible if both surface and groundwater resources are appropriately targeted and rationally used.
Conjunctive irrigation planning is required for equitable and year-round irrigation supply as neither
the streamflow nor groundwater can provide full and year-round irrigation for intensified cropping
systems without causing the degradation of natural resources.

Keywords: climate change; management scenarios; irrigation; sustainability; groundwater; recharge;
streamflow; watershed; soil and water assessment tool; simulation

1. Introduction

Estimates suggest that only about 4.7% of available water in Nepal has been effectively
utilized due to spatial and temporal variability of water resources. These resources differ
significantly in the mid-hills, in higher altitudes with more water table depth, and in the
Terai at lower altitudes with less water table depth [1]. About 80% of rainfall in Nepal,
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which is the main source of groundwater recharge, occurs during the months of June to
September. This leaves the remaining months severely dry. The majority of agricultural
operations in Nepal are dependent on monsoon rainfall with onlyaround 20% farms having
access to year-round irrigation, of which 50% is supplied by groundwater [2,3]. Recent
studies and policy imperatives however suggest that there may be considerable untapped
potential for groundwater irrigation in Nepal [1,4]. There remains considerable uncertainty,
however if surface nor groundwater can provide sufficient and year-round irrigation for
intensified cropping systems in Nepal with groundwater only; irrigation development may
therefore require conjunctive use of both ground and surface water sources.

Climate change is a matter of concern for hydrologists, climatologists, environmental-
ists, and agronomists as it is anticiapted to have and increasingly serious impact on water
resources, infrastructure, agriculture, biodiversity and ecosystem functioning, and human
health [5-9]. Although climate change is experienced globall, the degree of its impact varies
considerably from region to region [10,11]. Climate change is anticipated to be particularly
very severe in areas where the socio-ecological systems are highly dependent on rainfall
and/or stream flow, including areas with climatic conditions such as Nepal [12,13]. Nepal
is highly vulnerable to climate change due to its rugged mountainous topography, extreme
climatic conditions, frequent climatic hazards, the low capacity of its poor populations
to invest in adaptation strategies, and political conflict and governance challenges [14].
These challenges extend to western Nepal, a region in which international donors and
government have both stressed the need for irrigation development.

Previous climate change studies conducted in the Babai River watershed in western
Nepal indicated that average annual temperature, rainfall, and river flow are likely to
increase by 1.5 °C to 4.7 °C, 15% to 25%, and 24% to 37%, respectively, throughout the
twenty-first century [15]. Although average annual rainfall is likely to increase, increased
drought during winter months and more intense rainfall during the monsoon season are
predicted over the Indian sub-continent [16-18]. Nepal is already experiencing the negative
effect of climate change; this includes as a variability in temperature and precipitation,
overbank flooding from snow-fed rivers, amd variability in available river and stream water
quantity [19]. Vital sectors such as agriculture, forestry, and biodiversity conservation that
are directly related with peoples’ livelihoods are also impacted by the changing climate [20].

Agriculture is the main source of income for the people in Nepal, engaging almost
two-thirds of the population and contributing around one-third of the national gross
domestic product [21,22]. Extreme weather events such as high rainfall days, drought,
and heat waves are likely to impact the hydro-climatology of Nepal and consequently
reduce crop productivity. Previous studies show that agricultural production in this area is
highly affected by climate change manifest in the form of extreme weather events [23-25].
Such impacts have been compounded rural out-migration, resulting in labor shortages
that have further aggravated the management of natural resources [26]. Moreover, the
recent institutionalization of a federal system of governance has introduced challenges with
morr rapid policy formulation and implementation, including but not limited to natural
resources management [27].

Most the agricultural practices in Nepal are rainfed and thus crop yield is highly
dependent on sufficient and timely precipitation. Although average annual precipitation
is about 1600 mm, rainfall distribution is not even throughout the country [15]. Annual
precipitation in varies from as low as 150 mm in Manang district to as high as 5000 mm
in Kaski district [28]. About 80% of Nepal’s precipitation is received during the monsoon;
during just four months from June to September [15,17,29]. In addition to snowmelt, the
amount and timing of rainfall affect groundwater recharge and river flow, which conse-
quently affects ground and surface water irrigation potential [30,31]. Combined with these
climatic and hydrological challenges, Nepali farmers face obstacles including maintaining
sufficient nutritent suppy to crops, in accessing quality seeds, and in managing pests and
diseases, in addition to market challenges [32]. Groundwater governance management
is also challenged by a lack of clearly defined roles and responsibilities for new federal-,
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provincial-, and district-level institutions, limited governmental investment capacity, and
hurdles to vertical and horizontal coordination among state and non-state agencies. Further
challenging the use of groundwater, Nepal has considerable variation in water table depth
that is associated in part with topography [33]. Limited understanding of groundwater dis-
tribution and flow in the hills and mountains further complicates technical and governance
challenges to the use of groundwater for irrigation [34].

Thus, to manage available water resource efficiently and support sustainable agricul-
tural intensification, the impact of climate change on water resources and crop production
needs to be analyzed. General circulation models (GCMs), mathematical representations of
the earth’s atmosphere, are generally used to simulate future climate scenarios. Climate
change scenarios derived from GCMs can provide reliable information regarding histor-
ical, current, and future climate trends over long periods. As such, they they are mostly
used for predicting the future climates [35]. Regional climate models (RCMs) that have
a higher spatial resolution compared to GCMs are more suitable for a mountainous re-
gion like Nepal [36]. Climate data simulated by aCORDEX RCM, NOAA_RegCM4, has
been widely used for driving hydrological conditions in sumulations of various mountain-
ous basins [37-39]. Similarly, Hydrologic models like the Soil and Water Assessment Tool
(SWAT) model have been applied broadly in numerous watersheds to predict the impacts
of climate change on hydrology and water availability using climate data obtained from
GCMs and RCMs [40,41].

In Nepal, SWAT has been applied in climate change impact assessment on hydrology and
water resources in watersheds including the Mahakali, Karnali, West Rapti, Babai, Bagmati,
and Koshi basins [15,40,42—46]. However, these studies focused mainly on the impact of
climate change on streamflow, groundwater resources, and generalized water availability. The
impact of climate change on irrigation sustainability and crop intensification has conversely
not been systematically assessed [42]. To address this knowledge gap, potential adaptation
options were explored by applying the SWAT model and bias-corrected RCM data to simulate
the effect of climate change and management scenarios on groundwater recharge rate, surface
runoff, and crop productivity during near term (2021 to 2035), and mid-term (2035 to 2050)
futures under the RCP 4.5 emissions scenario. The management scenarios implemented in this
study, based on a combination of crop suitability, crop diversification potential, and market
access, were developed through a participatory approach.

2. Materials and Methods
2.1. Study Area

Four watersheds—Mahakali, Karnali, Babai, and West Rapti (Figure 1) in western
Nepal were selected for this study as they cover both the mid-hills and Terai regions.
They also both feature surface and groundwater irrigation, and experience climate shocks.
Among them, Mahakali and Karnali watersheds drain the hilly (Siwalik hills, mid-hill, and
snow fed high hills) as well as plain regions (Terai) in Sudurpaschim and Karnali provinces.
In comparison, the Babai and West Rapti watersheds drain only the mid-hills and Terai
region in Lumbini Province. The Siwalik hills are also known as the “Chure” hills and
extend from the Indus River in Pakistan to the Brahmaputra River in India covering about
12% of Nepal’s land area. The Chure hills also have a vital role in the conservation of
surface and ground water resources.

The Mahakali watershed covers hilly and Terai plains in Sudurpaschim provinces. The
Mahakali River originates from Uttarakhand province in India and flows along the Nepal-India
border, with one third of its drainage area in Nepal and two thirds in India (Figure 1).
Similarly, the Karnali River, originating on the Tibetan Plateau in China, drains a large area
of Karnali province and some areas of Lumbini and Sudurpaschim provinces. The Babai
River conversely originates in the inner Terai in the Dang valley. It drains portions of Dang
and Bardiya districts of Lumbini Province. Lastly, the West Rapti River originates on the
ridge of a mountain and the Chure range. It initially flows toward the east and then flows
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toward south-west, and drains portion of Rolpa, Pyuthan, Argakhanchi, Dang and Banke
districts of Lumbini Province.
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Figure 1. Major watersheds, their river networks, hydrological and meteorological stations, major
irrigation projects and administrative regions within the study area in western Nepal.

About 70% of the study watersheds are covered by forest and about 20% by agriculture.
Rice is the major monsoon season crop and wheat is the primary winter crop grown together
in a rotational system that predominates in the Terai plains. Maize is the major crop in
mid-hills which is also suitable in Terai during the winter and spring season. Along with
rice, wheat, and maize, mungbean, lentils, and vegetables are also grown in a certain
portion of the watershed. The percentage of irrigated land in the watersheds ranges from
3% to 10% of the total land area.

The elevation of the study area ranges from less than 100 m to 8000 m above mean
sea level. The major physiographic regions include the Terai (below 700 m), the Siwalik-
hills (700 to 1400 m), the mid-hills (1400 to 5000 m), and mountainous region (above
5000 m) [12,47]. The study region has a sub-tropical climate in the Terai, a warm temperate
climate in the lower mid-hills, a cool temperate climate in the upper mid-hills, and an
alpine climate in the higher mountainous region. Most of the rainfall is received from June
to September [15,17,29]. Although the annual precipitation received by the study area may
appear to be abundant, the distribution of rainfall is highly uneven both temporally and
spatially due to the monsoon and extreme topography.

2.2. Hydrological Model and Data

SWAT is a physically based, continuous-time step semi-distributed model capable
of simulating the effects of land management practices on water availability, sediment
yield, and agricultural production in different types of watersheds ranging from small field
scale to large river basin scale. SWAT is capable of working with a variety of land-use, soil
types, and land management practices [48]. The major SWAT outputs include the amount
of water (streamflow), sediments, nutrients, and crop yield at the field, sub-watershed,
and watershed scales. The SWAT modeling process includes three phases: model set-up,
calibration, and validation. After completing these three phases, the model can be used to
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evaluate alternative management scenarios [49-52]. SWAT is therefore generally suitable
for a wide range of watersheds located in both sub-tropical and alpine climatic regions of
Nepal [42].

SWAT was set up using a Digital Elevation Model (DEM) [53], Land Use-Land Cover
(LULC) [54,55], soil [56], and weather data [57,58]. Crop management data were obtained
and distilled into an average for each crop from farmer observations (n = 1043) from the
Cereal Systems Initiative for South Asia (CSISA) project’s (https:/ /csisa.org/ (accessed on
15 August 2021)) crop management diagnostic database. Although rice and wheat were the
most cultivated cereal crops in the study area, we also included vegetables, lentils, maize,
and mung in our scenario. Crop management data were validated through discussion with
agricultural experts working in the study area.

In SWAT, the Curve Number (CN) method was applied for surface runoff estimation.
This method is conceptually simple and is regarded as a standard procedure to estimate
runoff from rainfall. Similarly, the Hargreaves method was included to derive potential
evapotranspiration (PET) estimates since it required only a maximum and minimum
temperature as an input. This is in contrast to Priestley-Taylor, and Penman—-Monteith
methods that requiring additional inputs including solar radiation data that are challenging
to resource in data-scarce environments such as Nepal. Elevation bands were defined
for the Mahakali, Karnali, and West Rapti watersheds, where snowfall occurs at higher
altitudes, and parameters such as precipitation lapse rate (PLAPS) and temperature lapse
rate (TLAPS) were specified according to elevation. PLAPS is a parameter used to adjust
precipitation and TLAPS is a parameter to adjust temperature according to change in
elevation [48].

The calibration (1990-2000) and validation (2001-2010) of SWAT for streamflow was
conducted for all four watersheds. Streamflow calibration conducted at seven different
gauging stations, with results indicating that model performance was good with Nash-
Sutcliffe efficiency (NSE) and Coefficient of determination (R?) values greater than 0.65 for
the majority of the stations. The detail of streamflow calibration and validation for the four
watersheds is presented in [1].

Similarly, calibration of change in groundwater depth (2003-2009) was conducted at
different observation wells within the watersheds. These generally showed good agreement
between observed and simulated data with R? between 0.52 to 0.81 as described in [1]. In
the same way, the calibration of crop yields (2011-2020) was conducted using the average
crop production data collected CSISA farmer surveys and is reported in [1].

2.3. Climate Model

The basis for RCM selection is provided by [39] based on evaluation of nineteen differ-
ent CORDEX RCMs in the Karnali basin of Nepal. Climate data from the NOAA_RegCM4
model, one of the most widely used and well-performing climate models in this region,
was selected for this study [37,38]. The global climate model, NOAA-GFDL-GFDL-ESM2M,
was used to give boundary conditions for NOAA_RegCM4. A single model, instead of an
ensemble of multiple models, was applied in this study since wrong model selection during
model assembly may propagate errors and result in a lower predictive accuracy compared
to that of an individual model. Climate data were downloaded from the Coordinated
Regional Downscaling Experiment for South Asia (CORDEX-SA) in The Earth System Grid
Federation portal [59] and the RCP (Representative Concentration Pathway) 4.5. A conser-
vative medium emission scenario was used in this study [60]. The downloaded climate
data were further bias-corrected and processed as required for SWAT using the Climate
Model data for hydrologic modelling (CMhyd) tool [61]. The same correction algorithm
as used for historical conditions was applied for future climatic conditions as the bias
correction algorithm for historical climate conditions was assumed to be applicable for
a future climate in CMhyd [61].
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2.4. Modelling Scenarios

The modelling scenarios implemented in this study were based on a combination of
crop suitability, crop diversification potential, and access to irrigation and markets as iden-
tified through a participatory, stakeholder driven process. The scenarios were developed in
a participatory approach through questionnaire surveys with farmers, multiple scenario
planning workshops conducted at the provincial and national level, and a series of regular
discussions with project team members, stakeholders, and professionals working in the
area. These scenarios were then evaluated based on key sustainability and crop production
indicators using SWAT.

For the simulation of these modelling scenarios, agricultural management data on crop
selection, tillage, planting, irrigation, fertilization, and harvesting derived from surveys and
expert consultation were incorporated in the model. Optimistic scenarios were developed
either by replacing a presently practiced cropping system with a new one through irrigation
area expansion or by introducing a triple cropping system instead of single or double
cropping. The detail on the participatory scenario identification process undertaken for
this study and the basis of their selection and allocation of actual and potential land area
for different watersheds within the study area has been discussed by [1].

For each selected scenario, the use of surface water, groundwater and conjunctive
use of both surface and groundwater for irrigation were considered. We also derived data
on the potential effects of cropping systems change on long-term depletion and annual
recharge of streamflow and groundwater. This was analyzed by focusing on withdrawals
and discharge across multiple seasons and years. These scenarios were applied in the SWAT
model to evaluate their impact on streamflow, surface/groundwater sustainability and crop
yield for the near-term (2021 to 2035), and mid-term future (2035 to 2050) periods. Under
the most optimistic assumption, the groundwater resource is sustainable if the annual
groundwater pumping rate is equal to the annual groundwater recharge rate and surface
water is considered sustainable when the amount of water in the main river is not depleted
greatly by irrigation. The schematic diagram for the methodologic approach of the study is
presented in Figure 2.

Spatial Input Management Input Weather Input
Topography (DEM) . (‘:roﬁDIversEﬁca:it)Ln o Precipitation
Landuse " o Maximum Temperature

Irrigation Management
Fertilizer management
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Figure 2. Methodological framework of the study.
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3. Results and Discussion
3.1. Projected Change in Average Precipitation and Temperature

The average annual rainfall projection under the climate change scenarios obtained
from NOAA_RegCM4 model for the four study watersheds showed a linear but small
increasing trend (Figure 3), suggesting a potential increase in future precipitation in the
study area of about 4% from 2000 to 2050. The maximum yearly precipitation as per the
climate change data was 2555 mm and the minimum yearly precipitation was 1129 mm
within the period defined. These observations come with consider inter-annual variability
of potential precipitation, with a range of 1426 mm.

—e—Average Annual Rainfall (mm)

2020

2025 2030 2035 2040 2045 2050
Year

Figure 3. The trend of potential average annual rainfall in western Nepal according to the climate
change scenarios obtained from the NOAA_RegCM4 model.

The monthly average precipitation during the current (2000-2021) and near-term
future (2022-2035) periods were highest during August and September. Conversely, for the
mid-term future (2036-2050), the highest rainfall occurred in the month of July (Figure 4).
Although the total potential increase in precipitation of 4% is small, the shift in peak rainfall
could have an important effect on crop establishment and harvesting dates, which in turn
is likely to affects crop yield and the regional water balance [62]. Increases in projected
precipitation, especially during the dry months (October to May) can have positive impact on
reduction of irrigation requirement and may allow increased flexibility in crop establishment,
intercultural management, and harvesting schedules and may even allow for the cultivation
additional crops within the year. However, very high rainfall during dry winter season could
also be detrimental and could affect the production of less water-stagnant and disease-prone
crops such as lentils or wheat cultivated during the dry season.

The projection of temperature under the climate change scenarios obtained from
NOAA_RegCM4 model for the study area showed considerably less variability than pre-
cipitation, and a linear trend of decreasing maximum temperature by 1.4 °C by 2050.
Conversely, an increase in minimum temperature by 0.3 °CO0 (Figure 5).

The average monthly mean, minimum, and maximum temperature during the current
(2000-2021), model-derived near-term future (2022-2035), and mid-term future (2036-2050)
were lowest during December /January while the average monthly maximum, minimum,
and mean temperature were highest during May/June (Figure 6). The average monthly
mean temperature decreased by 1.1 °C in February and increased by 0.5 °C in October in
the mid-term future compared to near-term future scenario. Similarly, average monthly
maximum temperature could decrease by 1.3 °C in February and May and increase by
0.5 °C in January and March during the mid-term future compared to the near-term future
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scenarios. Likewise, the average monthly minimum temperature decreased 1.3 °C in March
and increased by 0.5 °C in April under these scenarios, respectively.
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Figure 4. Monthly average precipitation during current (2000-2021), and potential near-term fu-
ture (2022-2035) and mid-term future (2036-2050) precipitation in western Nepal derived from the
NOAA_RegCM4 model. The middle line of the box represents the median, the bottom line of the box
represents 1st quartile, the top line of the box represents 3rd quartile and the vertical lines extending
from the ends of the box, represent the minimum and maximum value.

——Minimum Temperature —— Maximum Temperature
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Figure 5. The trend of average maximum and minimum temperature according to the climate change
scenarios obtained from NOAA_RegCM4 model for western Nepal.
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Figure 6. Model outputs for monthly average, minimum, and maximum temperature during near-
term future (2022-2035), and mid-term future (2036-2050) in western Nepal.

3.2. Impact of Climate Change on River and Streamflow

Model outputs suggested that annual river and streamflow may increase in all four
watersheds during the near-term (2022-2035) and mid-term (2036-2050) future for all the
scenarios compared to the historical period (2000-2021). This was a result of the slight
potential increase in precipitation according to the climate change scenario (Figure 7). The
average monthly streamflow for the near-term and mid-term future was at its maximum
during the months of July, August and September, for all four watersheds. However, the
potential increase in streamflow was highest in May, highlighting the potential for early
opening of sluice gates to supply water to irrigation canals in surface water irrigation
schemes. As such, an increase in streamflow could be potentially beneficial for agricultural
production as it leads to an increase in irrigation potential, first through surface water
availability and secondly for groundwater through increased recharge. For the Babai and
West-Rapti watersheds, model outputs suggest that streamflow may decrease during the
dry months from September to December, for both the near-term and mid-term future
periods. As such, the water in these watersheds may not be sufficient for irrigation during
pre- and post-monsoon seasons, as at least 70% of the total river discharge is recommended
to be left in the river for environmental flow requirements.
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Figure 7. Cont.
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lentil/fallow rabi crops
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Figure 7. Average annual streamflow according to each cropping system scenario considered at
Mahakali (a), Karnali(b), Babai (c), and West Rapti(d) watersheds for the current period (2000-2021),
and modeled near-term future (2022-2035), and mid-term future (2036-2050) periods.

3.3. Impact of Climate Change and Scenarios Implemented at Upstream Subbasins

Interactions between upstream and downstream components of a watershed are
important in assessing the sustainability of water resources for irrigation. Our model
outputs suggest that rational use of surface water irrigation in upstream subbasins in
the monsoon season could increase average water availability in downstream subbasins
for all the watersheds studied by around 10%. This modeling result is attributable to an
enhancement in groundwater recharge and increase in river flow when surface irrigation
was possible. However, available water could conversely be significantly depleted during
the dry season if too much groundwater is abstracted for irrigation during the monsoon,
thereby limiting recharge. Excessive groundwater withdrawal is also likely to reduce dry
season streamflow by about 14%, indicating the potential risks associated with poorly
planned groundwater abstraction during the dry season when surface water irrigation
potential is limited due to low river baseflow.

The average stream flow during the current period (2000-2021) for the rice-wheat
baseline scenario as measured at the outlet of the Babai watershed were 236 m3/s during
monsoon, 57 m?/s during post-monsoon, and 7 m3/s during pre-monsoon season. We
modeled the potential consequences of a rice-vegetable—rice instead of rice—~wheat rotation,
which resulted in model outputs suggesting a reduction of streamflow to 222 m?/s during
monsoon and 50 m3/s during the post-monsoon. Importantly, streamflow of 57 m?/s
during post monsoon and 7 m? /s during pre-monsoon season are unlikely to be sufficient to
support surface water irrigation in the watershed. Implication of groundwater for irrigation
during these pre and post monsoon season led to a reduction in the post-monsoon season
discharge. Average flow during monsoon season was reduced by 6% under modeling
scenarios when surface water was withdrawn from the river to deficit irrigate rice cultivated
during the monsoon.

Analysis of climate change scenarios suggested that surface runoff is likely to increase
by 19% to 30% in the near-term future (2021 to 2035), and by 32% to 45% during mid-
term future (2035 to 2050) period. This increased surface run-off can potentially be used
to improve irrigation if surplus water is conserved using water harvesting technologies
such as construction of storage wetlands, ponds, and in the context of diversified and less
irrigation demanding agricultural systems.

3.4. Impact on Groundwater Recharge and Groundwater Sustainability

Our model results suggested that groundwater reserves could be sufficient to irrigate
dry season crops when the monsoon season crops were irrigated with surface water.
Surface and groundwater are generally considered as contributing to more sustainable
resource management when river flow or groundwater storage is dynamically retained
for a longer period through inclusive, equitable and long-term interventions. Farmers
managing fields located in the plain Terai region, near the main river channels and irrigation
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canals may utilize surface water for irrigation to overcome precipitation deficits during
the monsoon generally considered sustainable when river flow or groundwater storage
is dynamically retained for a longer period through inclusive, equitable and long-term
management. Our analysis suggests that such rational use may aid in recharging and
conserving groundwater for later use during the dry season. However, if monsoon season
crops (mainly monsoon rice) are conversely irrigated exclusively through groundwater,
model outputs indicate that water abstraction may become unsustainable as only 27% to
92% of crop water requirements may be fulfilled with groundwater. The sole exemption
to this is the rice-lentil cropping system, in which groundwater irrigation appears to be
more sustainable even when monsoon rice was irrigated with groundwater as irrigation
(Table 1). This is because lentils are typically not irrigated in rice—wheat cropping systems;
rather, they are established using residual soil moisture for germination and are grown
with precipitation, though the latter can lead to disease problems.

Table 1. Percent of total agricultural land in each study watershed that can be provided with ground-
water irrigation sustainably for Rice-Wheat, Rice-Vegetable-Rice, Rice-Lentil, Rice-Maize, Rice—
Wheat-Mung, and Rice-Potato cropping sequences. Cropping sequences not shown in particular
watersheds (which are denoted by ‘—’) were deemed unfeasible based on participatory scenario
development as described in [1].

Rice-Vegetable- Rice-Rainfed  Rice-Irrigated Rice-Wheat-

Watershed  Time Period Rice-Wheat (%) Rice-Potato (%)

Rice (%) Lentil (%) Maize (%) Mung (%)
2000-2020 92 69 — — — —
Mahakali 2021-2035 89 72 — — — _
2035-2050 96 73 — — — —
2000-2020 39 45 63 31 27 —
Karnali 2021-2035 44 61 93 35 42 —
2035-2050 36 47 76 40 39 —
2000-2020 64 48 139 61 — —
Babai 2021-2035 64 51 195 81 — —
2035-2050 62 52 183 77 — —
2000-2020 35 — 59 31 36 33
West Rapti 2021-2035 53 — 90 49 44 43
2035-2050 55 — 92 49 44 46

The sustainability of groundwater resources was based on groundwater recharge and
irrigation requirements such that if the irrigation requirement was less than 70% of the total
annual groundwater recharge, the groundwater irrigation was sustainable (Lopez et al.,
2022). Care must be taken when fully irrigating for the entire season with groundwater
in the study watersheds as it could lead to further groundwater depletion in the future.
Conversely, this challenge is partially offset by increased potential recharge in these periods
that result from an increase in average precipitation and streamflow as per the climate
change scenarios.

3.5. Impacts on Groundwater Reserves

Historical records of groundwater depth in Nepal are inconsistently available. Due
to poor input data availability and some of the limitations of SWAT to directly simulate
depth to groundwater, the amount of water in shallow groundwater aquifers was used to
estimate groundwater depth. Thus, the groundwater depth change presented in this study
is indicative of a relative trend, but not the actual water table fluctuation, as is the case in
most modeling studies. The average decrease in groundwater for the rice-wheat baseline
scenario, which is the predominate cropping pattern in western Nepal, was 10 mm from
2021 to 2050. The rice-vegetable-rice scenario conversely registered only 4 mm (Figure 8).
These indicate the potentially directionality of the impact of increased groundwater use
but estimating the true impact would require better data resources. These results suggest
that conjunctive use planning for irrigated agriculture is likely to be necessary to avoid
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the long-term depletion of groundwater resources. Importantly, our results also suggest
that with intensified groundwater use, seasonal depletion is likely to increase, leading to
lower groundwater tables in the dry season; seasonal depletion could therefore that could
compromise farmers’ ability to physically reach groundwater and/or afford the energy
resources required for their abstraction. For example, wildlife conservation in Bardiya
National Park partially depends on groundwater and capillary rise to sustain grasses that
are important for grazing animals and the predators that rely on them. Research that
investigates these linkages between agriculture, the water system and wildlife conservation
should therefore be part-and-parcel of integrated irrigation and groundwater resources
development planning.

135 Rice-Vegetable-Rice instead of Rice-Wheat 135 Rice-irrigate Maize instead of Rice-Lentil
—— GW drawn for Rice-Wheat —+— GW drawn for Rice-Lentil
—— GW drawn for Rice-Vegetable-Rice —+— GW drawn for Rice-irrigate Maize
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Figure 8. Groundwater (GW) fluctuation for rice-wheat and rice—vegetable-rice (top left), for rice-
rainfed lentil and rice-irrigated maize (top right), rice-wheat and rice-wheat-mung (bottom left),
and rice-wheat and rice—potato (bottom right), averaged over subbasins of multiple watersheds
where the scenarios were implemented (note: change in GW depth is indicative of the relative trend
in GW levels— not actual water table fluctuation).

For rice- rainfed lentil and rice- irrigated maize cropping systems, a 50 mm and
52 mm increase in groundwater levels was observed from 2021 to 2050 (Figure 8). This
suggests that both rice-rainfed lentil and rice-irrigated maize systems are less likely to
experience long-term groundwater depletion, especially as recharge is set to increase due
to increased precipitation driven by climate change. These results therefore suggest the
potential opportunity for increasing farmers’ use of new dry season cropping systems that
are linked to irrigation management, conjunctive use of surface and groundwater, and that
make optimal use of precipitation.
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Replacing double-cropping systems with the inclusion of three rotational crops per
year is often championed by policy makers as desirable as these systems could produce
more yield in a year. In many of these systems, legume crops like mung, are included as
the third crop, as they have shorter growing periods and can fit into intensified cropping
sequences. However, triple crop systems may have a significant impact on soil moisture
and groundwater reserves if the entire irrigation demand is supplied from groundwater
sources, or if the inclusion of legumes results in significantly increased evapotranspiration.
Model outputs suggested that a change in groundwater reserve under triple cropped sys-
tems from 2021 to 2050 could range from 250 mm to 264 mm when all water requirements
were supplied from a groundwater source to assure no water stress (Figure 8). This indi-
cates groundwater sources alone are not sustainable. However, when simulations were
undertaken in which groundwater was used to irrigate only mungbean and other crops (for
example rice or wheat) were supplemented by a surface water irrigation, only a negligible
amount of groundwater drawdown was observed.

Horticultural crops, which can be cultivated between rice and wheat, were also sim-
ulated. However, these crops are perishable, and tend to be grown in areas with short
distances to markets for sales to drive farmer’s interest in cultivating them. Our partic-
ipatory scenario design process resulted in the development of a ‘feasible” scenario in
which horticultural crop growth was simulated within a 50 km radius of urban centers
in Nepal’s mid-hills and within road-accessible areas in the Terai. These systems could,
however, negatively impact groundwater reserves if all water demand is supplied from
groundwater alone. We simulated the replacement of currently dry season fallowed land
and rainfed pulses in western Nepal with tomato and potato. The consequences of this
scenario from 2021 to 2050 indicated a potential 201 mm change in groundwater when
all water requirements were supplied from a groundwater alone (Figure 8). However, if
the irrigation requirement for monsoon crops was supplemented by surface water to in-
crease recharge, the potential decline in the groundwater reserves resulting from increased
horticultural crops was reduced to 127 mm.

3.6. Impact on Crop Yields

Abiotic stress resulted in simulated tomato yields that were considerably lower than
wheat, although the higher economic value of the vegetable crop and higher yield of spring
rice suggests that these scenarios could nonetheless be attractive for farmers (Table 2).
Further research, including improved calibration and systematic model runs are also
required to identify the cause of low tomato yields and to identify viable agronomic
methods to improve them.

Table 2. Average crop yield for Rice-Wheat and Rice-Vegetable-Rice during current, near future and

midterm future.

Rice-Wheat Rice-Tomato-Rice
Year Rice Yield (tha) Wheat Yield (t/ha) Rice Yield (t/ha) Tomato Yield (t/ha) Spring Rice Yield (t/ha)
2000-20 4.2 2.8 4.2 1.3 5.3
2021-35 3.7 2.5 3.7 0.7 3.4
2035-50 3.7 2 3.8 0.6 3.7

Even though the yield for maize was significantly higher than lentil (Table 3), the
higher price of lentil in comparison to maize and potential soil fertility benefits accrued from
nitrogen fixation suggests that it has some advantages from an economic and environmental
points of view, although lentil remains a disease-prone crop and our SWAT model outputs
were unable to account for biotic stresses.
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Table 3. Average crop yield for Rice-rainfed Lentil and Rice-irrigated Maize scenario implemented in
Karnali, West Rapti, and Babai watersheds during current, near future and midterm future.

Rice-Lentil Rice-Maize

Year

Rice Yield (t/ha) Lentil Yield (t/ha) Rice Yield (t/ha) Maize Yield (t/ha)

2000-20
2021-35
2035-50

4.0 1.3 4.0 3.9
3.0 1.4 29 3.5
3.1 1.3 3.1 24

Mungbean can be cultivated as an additional crop after rice and wheat. Mungbean
yield was in the range of 1.7 to 2.9 t/ha during current and future periods (Table 4). As a
legume, mungbean can also make contributions to improved soil fertility through nitrogen
fixation. Thus, from both economic and environmental points of view, the cultivation
of mung between rice and wheat by expanding the irrigation system was worth it. The
reduction in crop yield and production during the near and midterm future compared to
the current period was due to temperature stress as average temperature based on climate
change data was observed to be decreased although average rainfall was increased.

Table 4. Average crop yield for rice-wheat and rice-wheat-mung scenario implemented in Karnali
and West Rapti watersheds during current, near future and midterm future.

Rice-Wheat Rice-Wheat-Mungbean

Year

Rice Yield (t/ha) Wheat Yield (t/ha) Rice Yield (t/ha) Wheat Yield (t/ha)

Mungbean Yield
(t/ha)

2000-20
2021-35
2035-50

4.0
3.0
3.1

43 4.0 4.7 29
4.1 3.0 25 2
3.6 3.1 2.1 1.7

Like Mung, potato also has a higher price and could potentially be an attractive crop
worthy to cultivate in place of fallow land where markets are proximal and where efficient
irrigation systems like drip or sprinklers can be used. The reduction in crop yield and
production during the near and midterm future scenarios for potato compared to the
current period (Table 5) was due to temperature stress as average temperature based on
climate change data decreased although average rainfall increased.

Table 5. Average crop yield for rice—-wheat and rice—potato scenario implemented in urban hilly and
Terai sub-basins of West Rapti watershed during current, near future and midterm future.

Rice-Wheat Rice-Potato

Year

Rice Yield (t/ha) Wheat Yield (t/ha) Rice Yield (t/ha) Potato Yield (t/ha)

2000-20
2021-35
2035-50

25 33 34 32
2.1 3 3 2.9
22 3 3 22

3.7. Impact on Rice Equivalent Yield

Because we simulated the potential production of different species, the comparison of
crop yield for different scenarios was also performed using rice equivalent yield (REY). REY
was calculated by converting the yield of non-rice crops into equivalent rice yield based on
the local price of different crops as described by [63]. Our model outputs and data processing
suggest that REY for rice-tomato-rice was greater than that of the most common rice-wheat
sequences practiced by farmers (Figure 9). Conversely, rice-maize rotations generated lower
REY compared to rice-lentil due to higher prices for lentil (Figure 9). Similarly, the REY
for rice-wheat-mung triple crop sequence was 118% higher than rice—wheat in the current
term, and 96% greater during the near-term future (2021-3035), which later declined to 87%
during mid-term future (2035-2050) (Figure 9). REY for rice-potato was 61%, 65%, and 35%
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during the current term, near term (2021-3035), and mid-term future (2035-2050) (Figure 9).
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Figure 9. Rice equivalent yield for rice-wheat and rice-potato-rice (upper left), rice-rainfed lentil and
rice-irrigated maize (top right), rice-wheat and rice-wheat-mung (bottom left), and rice-wheat and
rice-wheat-potato cropping systems simulated in different time periods in western Nepal (bottom right).

However, the difference between the near- and mid-term future scenarios for REY
was small, suggesting that diversified systems of production could be attractive from an
economic perspective even under climate change. For rice-lentil, and rice-wheat-mung
cropping sequences, the added benefits of improved soil fertility from legume cultivation
and lower irrigation requirements may further underscore its attractiveness compared to
the rice—maize, and rice-wheat scenario. Under the projected climate change scenarios,
simulated crop yield and production for the winter and spring season were low even after
sufficient irrigation and fertilizer was provided because of shortened growing periods
and temperature stress. These results indicated that sustainable irrigation development
pathways need to not only be based on sufficient water availability and recharge; adaptation
to changing temperature regimes is similarly important. Assessing which combination of
field level interventions, planting time adjustments, and cultivar choices are best adapted
to climatic conditions will be crucial to support irrigation development.

4. Study Assumptions and Limitations

Since only one regional climate model simulation, the NOAA_RegCM4 RCM, was
used to drive the hydrological model in this study, our model outputs may have some
uncertainties compared use of ensemble means of multiple RCMs [64]. The climate change
scenario used in this study is just one of many plausible possibilities. Since the same
correction algorithm was applied to historical and future climate data, use of bias correction
methods for future conditions may result in different outcomes for the baseline model
parametrization. We however suggest that the good performance observed during the
parameterization period is nonetheless likely to behave similarly under conditions of a
changing future climate. Previous studies have for example shown that surface temper-
atures over South Asia are projected to increase by more than the global average [65,60].
Nonetheless, the climate model we selected for this study showed a very slight decrease
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in temperature. This is unusual when compared to previous research [65,66]. Future re-
search should therefore compare our results to the ensemble mean of bias corrected RCMs
throughout the entire simulation period. Increases in in future temperature are likely to
affect streamflow, groundwater reserves, and crop production. As such, the results of put
preliminary study should be interpreted cautiously.

The data used for the development of SWAT model and scenarios were based farmer
survey data and expert consultation. We reasonably assume that these data have captured
potential spatial variation in crop management practices, as described in [1]. Likewise, the
observed streamflow, crop yield, and groundwater observation well depth data utilized
some measurement uncertainties and data gaps that were filled through interpolation
methods. Such data limitations are however not uncommon in developing countries in
which strong hydrological monitoring systems have not been mandated by policy and
regularly implemented. Lastly, the SWAT model uses a relatively coarse approach in
assessing groundwater dynamics and, therefore, output obtained from this model should
only be considered as relative indicators, and not as absolute numbers.

5. Summary and Conclusions

According to RCM data, average rainfall could increase during the dry season (Oc-
tober to May) for near and mid-term future in western Nepal. Despite the increase in
precipitation, the month of May appears to be associated with the highest increase in
streamflow, indicating the earlier potential for opening sluice gates to fill irrigation canals
and recharge aquifers. However, streamflow is not sufficient to provide full and year-round
irrigation for intensified cropping systems. Similarly, our simulations also suggest that sole
use of groundwater for irrigation will not be feasible. Increased crop intensity and crop
diversification in western Nepal will require planned conjunctive use of surface water in
the monsoon season so that ground and surface water can be used for irrigation during dry
season of a year. As such, our simulations suggest that groundwater pumping for irrigation
during the monsoon season should be limited as much as possible to conserve aquifers for
the dry season.

A decrease in mean temperature is likely slow plant growth and reduce leaf chlorophyll
content, thereby lowering productivity [67]. Conversely, more timely crop planting may
assist in mitigating thermal stress. Crop species choice can have a significant impact
on water balance. The rice-vegetable-rice scenario in our study had the highest impact
on simulated water balances due to the need to provide irrigation for rice during the
months associated with high evapotranspiration. Diversified and high value cropping
scenarios are generally feasible from a water resource perspective but require explicit
supporting input and output markets in order to be feasible. Crops like tomatoes, potatoes,
lentils, and mungbean can provide significant returns to investment due to their larger
revenue potential. They also tend to occupy smaller land areas, leaving additional land
available for diversification and growth of other crops. However, the reduction in simulated
yield of these crops during the near-term and mid-term future compared to the current
period resulted from temperature stress as average temperature based on climate change
data decreased. This was despite an increase in average rainfall amount and intensity
under our climate change simulation. An effective adaptation strategy requires irrigation
intensification to be conjunctive and bundled with agronomic strategies that account
for differences in temperature. Although preliminary, our results show how irrigation
intensification and crop diversification based on future climate scenarios are crucial can
provide valuable insights for land use patterns and their potential effect on food and water
security, with important implications for farmers’ livelihoods.
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