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Abstract

Increased irrigation due to agricultural intensification has profound impacts on the surface water and energy balance at regional

to local scales. Recent updates of the state of the art Land Surface Models (LSMs) include the impacts of irrigation on

surface hydrology. The Indo-Gangetic Plain (IGP) is one of the global hotspots of irrigation water applications. However,

the direct application of these models to Indian basins has certain limitations. The commonly employed flood irrigation

technique is often indiscriminate and unmanaged, unlike the state-of-the-art models’ estimation of crop water use based on soil

moisture conditions. The primary crop in the IGP is paddy, cultivated in inundated fields with quite distinct water and energy

partitioning mechanisms represented in very few models. Here, we developed an improved irrigation module to simulate the

Indian agricultural practices for the widely used Variable Infiltration Capacity (VIC) model. We incorporated the crop-specific

water use for flood irrigation, calculated based on previously reported field studies. The water and energy balance processes

are modified by incorporating the ponded paddy fields with proper parameterization. We achieved a substantial improvement

in the simulated evapotranspiration and soil moisture of the IGP, particularly in the non-monsoon seasons with the updated

model. We found that evapotranspiration and soil moisture are more sensitive to the irrigation techniques than the interval of

irrigation application. Runoff strongly responded to irrigation technique as well as the interval of application. We emphasize

accurate representation of irrigation practices in the LSMs, specifically when applied to the human-natural hydrological system.
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Key Points

• Formulation of a new irrigation module suitable for India representing
unrestrained agricultural water use and submerged paddy fields

• Improved simulations of evapotranspiration and soil moisture by the de-
veloped model

• Technique and interval of irrigation influences evapotranspiration, soil
moisture, and runoff

Abstract

Increased irrigation due to agricultural intensification has profound impacts on
the surface water and energy balance at regional to local scales. Recent up-
dates of the state of the art Land Surface Models (LSMs) include the impacts
of irrigation on surface hydrology. The Indo-Gangetic Plain (IGP) is one of the
global hotspots of irrigation water applications. However, the direct application
of these models to Indian basins has certain limitations. The commonly em-
ployed flood irrigation technique is often indiscriminate and unmanaged, unlike
the state-of-the-art models’ estimation of crop water use based on soil moisture
conditions. The primary crop in the IGP is paddy, cultivated in inundated
fields with quite distinct water and energy partitioning mechanisms represented
in very few models. Here, we developed an improved irrigation module to sim-
ulate the Indian agricultural practices for the widely used Variable Infiltration
Capacity (VIC) model. We incorporated the crop-specific water use for flood
irrigation, calculated based on previously reported field studies. The water and
energy balance processes are modified by incorporating the ponded paddy fields
with proper parameterization. We achieved a substantial improvement in the
simulated evapotranspiration and soil moisture of the IGP, particularly in the
non-monsoon seasons with the updated model. We found that evapotranspi-
ration and soil moisture are more sensitive to the irrigation techniques than
the interval of irrigation application. Runoff strongly responded to irrigation
technique as well as the interval of application. We emphasize accurate repre-
sentation of irrigation practices in the LSMs, specifically when applied to the
human-natural hydrological system.

Plain Language Summary

Irrigation has a substantial impact on the water and energy cycle at a local scale.
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The water from surface and ground repositories is redistributed over the crop-
lands, thereby enhancing evaporation, cooling the soil surface, and modifying
spatiotemporal precipitation patterns. Therefore, regional hydrological mod-
elling is incomplete without incorporating farming practices in an agriculture-
dominated country like India, with vast croplands and extensive irrigation. Tra-
ditionally, the irrigation scheme in existing models calculates the daily water
demand of the crop on the basis of the moisture content of the soil. However,
readily available groundwater and subsidized electricity for its abstraction have
led to unmanaged irrigation exceeding the crop demand. Paddy, widely culti-
vated in India, has distinctive mechanisms for water and energy partitioning.
Thus, we have developed a more pragmatic irrigation scheme with submerged
paddy fields and user-specified irrigation water applications. We tested the
model over widely irrigated Indo-Gangetic Plain (IGP) and noted good perfor-
mance in estimating the seasonal soil moisture and evapotranspiration. We also
found that the irrigation mode and frequency of water application affect soil
moisture, evaporation, and runoff. We emphasize accurate representation of
irrigation activities to precisely estimate their effects on a regional scale.

1. Introduction

Global cropland has expanded rapidly from 1.35 billion hectares in the 1960s
to 1.55 billion hectares in the 2010s, though the rise is marginal from the 2000s
(World Food and Agriculture-Statistical Yearbook, 2020). The irrigated area
has also grown significantly post Green Revolution, notably in South Asia (Fo-
ley et al., 2011; Shukla et al., 2014; Siebert et al., 2015). This rise is attributed
to the burden posed on food production due to the growing population (Davis et
al., 2018; Godfray et al., 2010). Besides, climate-induced warming and precip-
itation variability have led to further irrigation reliance (Döll, 2002; Lal, 2011;
Rajagopalan et al., 2018). Irrigation buffers the sensitivity of crops to climate
variability (Li & Troy, 2018). The largest share of the global cropland area
comes from India (World Food and Agriculture-Statistical Yearbook, 2020). It
has also witnessed substantial expansion in the irrigated area from 28 million
hectares in the 1960s to 70 million hectares in the 2010s (Agricultural statistics
at a glance, 2018). Increased cereal cultivation, specifically rice during mon-
soon and wheat during the winter season, has played a vital role in increasing
irrigation water use in India (Davis et al., 2018).

Drastic transition to croplands and irrigation intensification have influenced
the regional climate by altering the water and energy cycle (Foley et al., 2005;
Portmann et al., 2010; Puma & Cook, 2010; Rockström et al., 2009). At a
local scale, irrigation raises the moisture content of the soil, leading to increased
evapotranspiration (ET) (Szilagyi & Jozsa, 2018; Zou et al., 2017) and decreased
surface temperature(Chen et al., 2018; Tatsumi & Yamashiki, 2015; Thiery et
al., 2017; Yang et al., 2020). Thiery et al. (2017,2020) suggested an alleviation in
heat extremes due to irrigation induced cooling, though unintended. Few studies
reported irrigation initiated improved precipitation and runoff at a regional scale
(Lo & Famiglietti, 2013; Wei et al., 2013; Zhang et al., 2017). The partitioning
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of energy at the surface gets affected by the changes in soil moisture (SM).
Sensible heat flux declines, and latent heat flux rises in irrigated regions(Chen
et al., 2018; Kueppers & Snyder, 2012; Tatsumi & Yamashiki, 2015; Zou et al.,
2017). The altered energy regime influences the boundary layer formation (E.
M. Douglas et al., 2009; Ellen M. Douglas et al., 2006). In some of the basins,
the influences of agricultural and irrigation activities on the water cycle were
more compared to climate change (Ingjerd Haddeland et al., 2014; Jaramillo &
Destouni, 2015; Leng et al., 2015a; Zou et al., 2017).

In India, a rise in latent heat fluxes (Ellen M. Douglas et al., 2006; de Rosnay
et al., 2003), increased vapour fluxes, modifications in spatial and temporal pat-
terns of precipitation (Chou et al., 2018; Niyogi et al., 2010; Saeed et al., 2009;
Shukla et al., 2014), reduced sensible heat fluxes, lowered planetary boundary
layer(Mishra et al., 2020), and surface cooling (Douglas et al., 2009) attributable
to irrigation were reported. Guimberteau et al. (2012) suggested a delay in the
onset of monsoon and decreased precipitation due to irrigation activities. Simu-
lations performed by Devanand et al. (2019) revealed that monsoon rainfall also
depends on the mode of irrigation application. Hence, the need of accurate rep-
resentation of irrigation activities cannot be ignored in hydroclimatic modelling,
particularly in regions with considerable human interventions (Haddeland et al.,
2014; Jaramillo & Destouni, 2015).

Recently, there have been significant advancements in incorporating irrigation
practices in land surface models. WaterGAP (Water-Global Assessment and
Prognosis) model was among the earliest models developed to calculate the ir-
rigation water use based on precipitation reaching the ground and potential
ET of crops(Alcamo et al., 2003; Döll et al., 2003). de Rosnay et al. (2003)
added an irrigation scheme to ORCHIDEE (Organizing Carbon and Hydrology
In Dynamic EcosystEms) LSM and calculated the irrigation demand based on
potential ET from FAO guidelines. An integrated model named H08 with six
modules for water balance, routing of river discharge, crop growth, reservoir
operation, estimation of environmental flow, and human water use was devel-
oped by Hanasaki et al. (2008a,b). The water required to raise the SM to
75% of field capacity was considered the irrigation demand. Later, Pokhrel et
al. (2012) incorporated the anthropogenic water use component of H08 to the
Minimal Advanced Treatments of Surface Interaction and Runoff (MATSIRO)
model. Studies on coupling irrigation schemes to LSMs like Noah (Sorooshian
et al., 2014) and CLM (Leng et al., 2014, 2015) have also been performed. Leng
et al. (2014) parametrized irrigation scheme into Accelerated Climate Model-
ing for Energy (ACME) Land Model (ALM) and evaluated the sensitivity of
water fluxes on different modes of irrigation application and source of water
abstraction.

Variable Infiltration Capacity (VIC) Model is a widely used model for Indian
river basins (Chandel & Ghosh, 2021; Chawla & Mujumdar, 2015; Ghosh et al.,
2016; Niroula et al., 2018; Raje et al., 2014; Saha et al., 2020). Haddeland et al.
(2006 a;b) developed an irrigation module for VIC. The formulations represent
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a sprinkler irrigation scheme, with irrigation application based on the moisture
content of the soil. When the SM dropped below a critical value under which
transpiration is limited, irrigation was added to the precipitation reaching the
ground until the soil field capacity was attained. This module can either esti-
mate the irrigation water demand irrespective of availability or actual irrigation
where water is extracted from the nearest river or reservoir based on water
availability. This irrigation module has been applied over various river basins,
and an increase in latent heat flux and decrease in surface temperature over
irrigated grids were reported (Chen et al., 2018; Tatsumi & Yamashiki, 2015).
Droppers et al. (2020) developed VIC-WUR (Wageningen University and Re-
search), which comprises VIC coupled with additional modules like irrigation,
dam operation, and groundwater pumping from the bottom soil layer to repre-
sent human interactions in land surface modelling. In few studies, agricultural
models have been coupled to VIC to better estimate irrigation water demands
by simulating crop growth (Malek et al., 2017; Rajagopalan et al., 2018).

Although extensively irrigated, hydroclimatic studies incorporating irrigation
over India are limited. de Rosnay et al. (2003) employed the irrigation cou-
pled ORCHIDEE (Organizing Carbon and Hydrology In Dynamic EcosystEms)
model over Indian Peninsula and observed a strong positive correlation between
latent heat flux and the amount of irrigation applied. Shah et al. (2019) used the
VIC irrigation module to estimate irrigation water demands over Indian river
basins. They investigated the effects of irrigation application and found an in-
crease in ET and total runoff. Irrigation demands were based on the SM and
hence showed a correlation to the monsoon rainfall. Shah et al. (2019) further
simulated constrained irrigation scenarios in India by including VIC-reservoir
module with surface water as the only source. They concluded that ET during
pre-monsoon and post-monsoon has increased as a consequence of irrigation.
However, constrained irrigation resulted in lesser mean annual ET when com-
pared to potential irrigation, where water availability is unlimited. Similarly,
H. Xie et al. (2020) added a groundwater-fed irrigation module into the SWAT
(Soil and Water Assessment Tool) model based on soil-moisture conditions to
study the groundwater trends over India.

However, the irrigation scenario in India is quite different. Conventional flood
irrigation, which has poor efficiency, is the most common mode of water ap-
plication (Barik et al., 2017). Variability and weakening of monsoon precip-
itation have resulted in the dependence on groundwater to meet agricultural
demands(Asoka et al., 2017). Unmetered groundwater and subsidies on electric-
ity for pumping encouraged farmers to abstract excess amounts of water and
flood the fields in an uncontrolled manner (Devineni et al., 2013; Fishman et al.,
2015; Vatta et al., 2018; Zaveri et al., 2016). Hence, irrigation water use in In-
dia is far from demand-driven and underestimated in existing irrigation coupled
hydrological models. Data corresponding to the amount and frequency of water
application is scarce (O’Keeffe et al., 2018). It is also noteworthy that paddy
is one of the significant Kharif crops and is cultivated under ponded conditions.
The water balance and energy partitioning under submerged conditions are dif-
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ferent. Only a few models have incorporated paddy formulations (Devanand et
al., 2019; Masutomi et al., 2016; Tsuchiya et al., 2016; Xie & Cui, 2011). Multi-
ple cropping seasons and myriad crop varieties are yet another feature and need
to be addressed in irrigation coupled hydrological models. These limitations em-
phasize the call for designing an irrigation module specifically for India for more
realistic representations. Here we develop a new irrigation module integrated
into the VIC model suitable for the Indian irrigation scenario. This module adds
crop-specific water use for flood irrigation to the precipitation reaching the sur-
face. The water and energy processes of paddy fields are handled separately.
The irrigation water can be applied at daily or weekly intervals. Additionally,
we performed a simulation employing drip irrigation scheme parametrized into
the VIC model to compare the effects of different irrigation techniques. The
detailed flow diagram is represented in Figure 1. The study’s objectives include
a) to develop an irrigation model for VIC representing Indian irrigation prac-
tices; b) to apply the developed model to the IGP, one of the global irrigation
hotspots; c) to compile crop area, irrigated area, and irrigation water use data
for IGP from different available sources and Government data; d) to evaluate
the newly developed model with flood irrigation and paddy formulations for the
hydrologic simulations in the IGP; and e) to assess the sensitivity of ET, SM,
and runoff on the mode and frequency of irrigation application.

5



Figure 1. Flow diagram depicting the methodology followed.

2. Study Area and Data Used

2.1 Study Area

India is the most significant contributor to global cropland. In 2018, its share
was reported to be 11% of the total encompassing over 140 million hectares of
cropland. Almost 90% of the total water withdrawn is utilized for agriculture
(World Food and Agriculture-Statistical Yearbook, 2020). India has mainly
three cropping seasons: Kharif roughly from June to October overlapping the
monsoon season, Rabi during winter spanning from November to February and
Zaid during summer months of March to May. Principal crops cultivated in-
clude cereals (rice, jowar, bajra, maize, wheat and barley), pulses (gram and
tur/arhar), sugarcane, oilseeds (groundnut, soyabean, mustard and sunflower),
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cotton, and tobacco (Agricultural statistics at a glance, 2018). Cereals, specifi-
cally rice and wheat, dominate in terms of percentage share to croplands. Here,
we focus on the major part of the IGP region covering Punjab, Haryana, Delhi,
and Rajasthan in the northwest, Uttar Pradesh and Bihar in the central IGP,
and a few districts of Uttarakhand, Madhya Pradesh, Chhattisgarh, and Jhark-
hand (Figure 2a). The dominant land cover type is cropland (Figure 2b and 2c)
and is extensively irrigated. Barik et al. (2017) listed these states among the
key producers of cereal crops. Rainfall during monsoon, perennial rivers, fertile
soil predominantly alluvial (in Punjab, Haryana, Uttar Pradesh, and Bihar),
and anytime accessible groundwater makes this region arable, with western Ra-
jasthan as an exception. During the Kharif season, the fraction of rainfed crops
is more. Rice followed by sugarcane and cotton are prevalent among irrigated
crops (Figure 2d). Wheat, sugarcane, and gram are the key crops in the Rabi
season, with a lesser fraction of rainfed crops (Figure 2e).
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Figure 2. (a)Geographical location of the study area in India represented by
blue shaded region. MODIS LULC with IGBP classification scheme for 2001(b)
and 2014(c) showing the extent of croplands. Percentage of crop area for the
period 1998-2014 with shares of rainfed and key irrigated crops for (d) Kharif
season and (e) Rabi season.

2.2 Data Used
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2.2.1 Input data for VIC model

The meteorological inputs required for running VIC version 5 (the most recent
version) include average air temperature, total precipitation (rain and snow), at-
mospheric pressure, incoming shortwave radiation, incoming longwave radiation,
vapour pressure and wind speed at a sub-daily time step. As a preprocessing
step to generate these sub-daily forcings, VIC-4.2.d was executed. This version
of VIC uses Mountain Microclimate Simulation Model (MTCLIM) (Bohn et al.,
2013) as a meteorological forcing generator and disaggregates them to sub-daily
time step. Observed precipitation, minimum and maximum temperature, and
wind speed at a daily scale were given as inputs. Indian Meteorological Depart-
ment (IMD) provides gridded data products for observed precipitation at 0.5°
and 0.25° resolution and temperature at 1° resolution. The gridded rainfall data
are obtained by interpolating daily observation from over 3000 gauge stations
in India (Rajeevan et al., 2006; Rajeevan & Bhate, 2009). For gridded tempera-
ture data, interpolation is performed based on 395 gauge stations (Srivastava et
al., 2009). Wind data was procured from European Centre for Medium-Range
Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim). ERA-Interim
data is developed by assimilating observation fields to a forecast model using
four-dimensional variational assimilation system (4D-Var). All the forcing in-
puts were regridded to 0.5°, and VIC-4.2.d was implemented. The outputs
included all the forcing at a 6-hourly time step needed to run VIC-5.

Additionally, VIC requires soil properties, vegetation properties, and land use
land cover details. Soil properties like bulk density, soil density, hydraulic
conductivity, etc., are procured from global soil input parameters available
at the VIC website. The soil parameter was originally prepared using Food
and Agricultural Organisation (1995) soil map at 2° resolution (Nijssen
et al., 2001a;b). This soil file was regridded to 0.5° resolution using the
nearest neighbourhood approach and is freely available at the VIC website
(https://vic.readthedocs.io/en/master/Datasets/Datasets/#vic-input-and-
output-data-sets). The fractional vegetation cover was calculated using
Moderate Resolution Imaging Spectroradiometer (MODIS) satellite‐based land
cover type (Sulla-Menashe et al., 2019). The land cover data is at 0.05° spatial
resolution and available at yearly time step from 2001-2019. Six land use
classification schemes comprising of IGBP land cover classification, University
of Maryland (UMD), Biome classification scheme, LAI/fPAR Biome scheme
and Plant Functional Type scheme are included in the data product. IGBP
classification scheme was selected for the present analysis. The vegetation
properties like LAI, albedo, root depth, vegetation height for all the vegetation
classes except croplands were collected from Global Land Data Assimilation
(GLDAS) vegetation parameters. The procedures followed for irrigation data
preparation are explained in the next section.

ET simulated from model runs was evaluated using Global Land Evaporation
Amsterdam Model (GLEAM) v3.5 ET(Martens et al., 2017). GLEAM com-
prises different algorithms that make use of satellite data to calculate ET and
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root zone SM. Using Vertical Optical Depth (VOD) from observations and root
zone SM, evaporative stress factors are calculated. Potential ET estimated us-
ing Priestley and Taylor equation is multiplied with the evaporative stress factor
to obtain actual ET. GLEAM ET showed a good correlation when compared
against eddy covariance towers, globally. GLEAM ET data can be obtained
at monthly time step from 1980 to 2020 at 0.25° resolution. European Space
Agency Climate Change Initiative (ESA CCI) for SM v06.1(Dorigo et al., 2017;
Gruber et al., 2019) was used for SM validation. This data is available at a
spatial resolution 0f 0.25° and spans over 1978-2020.

2.2.2 Data for irrigation scheme

Data required for the irrigation scheme include crop-wise area, the fraction of
irrigated and rainfed crops, vegetation properties, crop-specific water use and
crop calendar. The Crop Production Statistics Information System by the Direc-
torate of Economics and Statistics provides district-wise Area under Crop (AUC)
and Crop Irrigated Area (CIA) from 1998-1999 (https://aps.dac.gov.in/LUS).
We have focused on ten major crops grown in the Kharif season: Rice, Jowar,
Maize, Bajra, Tur, Sugarcane, Cotton, Tobacco, Groundnut, and Soyabean. We
used several Rabi season crops, including Rice, Maize, Barley, Sugarcane, Gram,
Wheat, Jowar, and Tobacco. Sugarcane is grown around the year. Due to in-
consistencies in crop area data from multiple sources, we have not considered
summer (Zaid) crops. The cultivation during the Zaid season is also small com-
pared to other seasons. Based on field experience, Fishman et al. (2015) have
documented water use of major crops under flood irrigation during the growing
season (Supplementary Table S1). The total amount of irrigation applied for
a specific crop is calculated by multiplying water use with its CIA. Previous
studies have reported vegetation properties like LAI (Balakrishnan et al., 1987;
Bandyopadhyay et al., 2010; Boken & Chandra, 2012; Gadi et al., 2016; Garg
et al., 2014; Ghule et al., 2013; Gomathi et al., 2013; Kour et al., 2016; Rao et
al., 2006; Reddy & Willey, 1981; Shankar et al., 2012; Sood et al., 2006; Verma
et al., 2016; Zhengyang et al., 2011), albedo (Bsaibes et al., 2009), vegetation
height (Konlan et al., 2013; Srichandan & Mangaraj, 2015) and root depth (Fan
et al., 2016; Shankar et al., 2012; Siebert & Döll, 2010) of crops, at various
growth stages, derived from field and satellite observations. We have compiled
monthly vegetation properties based on these findings. Crop calendar data com-
prising the information on sowing and harvesting months were prepared by the
Indian Council of Agricultural Research and obtained from the Directorate of
Economics and Statistics website (https://eands.dacnet.nic.in/At_A_Glance-
2011/Appendix-IV.xls).

We have selected a simulation period of 17 years from 1998 to 2014 on account
of data availability. Gridded fractions of land cover type are estimated using
MODIS LULC data available at yearly timestep from 2001. We have used the
LULC map of 2001 for 1998-2000 as well. The district-wise AUC and CIA are
interpolated to the model grids. Within each grid, cropland areas from MODIS
LULC (CMODIS) are compared to the sum of the AUC of all the crops for Kharif
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and Rabi separately. If the sum of AUC is lesser than CMODIS, the excess
area is added to grasslands. If AUC is greater than CMODIS, the deficit area
is subtracted from grasslands, open shrubland and sparsely vegetated regions.
This was a needed step to remove inconsistency of data across sources. We have
prepared a separate fractional vegetation cover map for Kharif and Rabi seasons
each year.

3. Methodology

3.1 VIC Model

VIC model is a semi-distributed macroscale hydrological model that balances
water and energy equations grid wise(Liang et al., 1994a). In VIC, within each
grid cell, there are tiles based on land use land cover. There is no lateral ex-
change of fluxes across the grids. While the vegetation properties are different
for individual tiles, soil properties do not show any sub-grid variability. To-
pographic properties can also be represented by incorporating elevation bands
within the grid. The final output fluxes are calculated as the area-weighted
sum over all the tiles. Users can run the model in two different modes: water
balance mode or energy-water balance mode. While in water balance mode, the
surface temperature is assumed to be the same as the air temperature, energy
balance mode solves for surface temperature iteratively using the energy balance
equation.

The input precipitation gets partitioned to ET, change in SM and runoff, in wa-
ter balance mode. The evaporation from bare soil and canopy evaporation and
transpiration from vegetation contribute to the total ET. Potential evaporation
occurs when the soil is saturated and is calculated according to the Penman-
Montieth equation. Actual evaporation from bare soil is dependent on the SM
condition. Based on the water intercepted by the canopy, transpiration and
canopy evaporation are calculated. The precipitation reaching the ground infil-
trates into the soil and percolates to lower layers. Runoff occurs when the water
holding capacity of soil gets exceeded. Baseflow arises from the lowest soil layer
in accordance with the Arno formulation. The net radiation is represented as
the sum of latent heat flux, sensible heat flux and ground heat flux in the energy
balance model (Gao et al., 2010). As a post-processing step, a separate routing
model (Lohmann et al., 1996) can be employed to calculate river discharge. Ad-
ditional features of VIC include snow model(Andreadis et al., 2009), frozen soil
algorithm(Cherkauer & Lettenmaier, 1999), lake and wetland model(Bowling &
Lettenmaier, 2010), irrigation and reservoir module (I. Haddeland et al., 2006;
Ingjerd Haddeland et al., 2006).

VIC version 5 (Hamman et al., 2018), a reconfigured version with improved
infrastructure, is used in the present study. It allows parallelization for enhanced
computational speed and the option to run space-before-time where all grid cells
are processed before proceeding to the next time step. In prior versions, a time-
before-space mode was employed where all the time steps for one grid were
processed first. The representation of physical processes is similar to previous
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versions of VIC.

3.2 Irrigation scheme

We have developed and parametrized flood irrigation and drip irrigation schemes
to the VIC-5 image driver in the present study. The details regarding the
modifications made in the model are described in the following sections.

3.2.1 Flood irrigation

Flood irrigation is the most common mode of irrigation in India, especially in
the northwest. It is the least efficient method in terms of field application. In
this scheme, water is applied directly to the ground. In the model, we added the
irrigation amount(Irrflood) to the precipitation reaching the ground(𝑃

′
) mimick-

ing the actual scenario. The net water reaching the ground after irrigation (𝑄)
is hence given by:

𝑄 = 𝑃 ′ + Irrflood (1)

As calculated in section 2.2.2, the total irrigation amount is given as an input to
the model. It can be either applied daily or intermittently at weekly intervals
throughout the irrigation months.

Paddy formulation with flood irrigation

Irrigation practices followed for rice crops are different from other crops. Rice
is cultivated in submerged conditions to maximize yield by restricting weed
growth. The energy partitioning and water balance mechanisms are different
in ponded states. Devanand et al. (2019) added paddy formulations to WRF-
CLM4, where water balance modifications were adopted from Xie & Cui (2011),
and alterations in surface energy balance were followed according to Masutomi
et al. (2016). Here we have elaborated the modifications made for VIC in detail:

a) Water balance

Paddy vegetation bands are differentiated from other bands with a flag. An
additional variable is added to represent the depth of ponded water (ℎ) at each
time step. ℎ is set to maximum (ℎmax) on the first day of irrigation, as part of
field preparation.

When fields are flooded, the bare soil evaporation is replaced with evaporation
from open water. Hence, ET is given by:

𝐸𝑇 = 𝐸canopy + 𝐸transp. + 𝐸open water (2)

Where, 𝐸canopy represents canopy evaporation, 𝐸open water is the evaporation
from open water and 𝐸transp. is the transpiration.

During land preparation, farmers carry out puddling to ensure the low hydraulic
conductivity of the soil. Tilling and compaction fill the soil cracks with smaller
particles creating a plow sole with lower permeability (Devanand et al., 2019b;
Janssen et al., 2010; Neumann et al., 2009). This ensures the fields remain in
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a flooded condition. In VIC, the drainage from the first to the second layer
is reduced for paddy vegetation bands. This is to account for the plow sole
created by the farmers. Due to the presence of ponded water, the topsoil layer
is maintained at saturation. The modified drainage (𝑄12)is given by:

𝑄12 = 𝑓puddle𝑄12,𝑚𝑎𝑥 (3)

Where, 𝑓puddleis a fraction between 0 and 1. 𝑄12,𝑚𝑎𝑥 is the drainage from first
to second layer when the top soil layer is saturated. We have fixed the value of
𝑓puddle as 0.001 as based on the studies by Tsuchiya et al. (2018) and Devanand
et al. (2019).

The calculation of runoff is replaced with overbund flow for vegetation bands
with paddy. Overbund flow occurs when the depth of ponded water (ℎ) exceeds
the bund height (ℎmax). The maximum bund height was fixed to 300mm based
on the study conducted in India by Mishra et al. (2008). At a given time step,
overbund flow (𝑅paddy) is given by:

𝑅paddy = ℎ − ℎmax, ℎ > ℎmax (4)

𝑅paddy = 0, h ≤ ℎmax (5)

At the end of each time step, the depth of ponded water (ℎ𝑡+1) is updated
on the basis of depth of ponded water at the beginning of the time step (ℎ𝑡),
precipitation reaching the ground (𝑃 ′), irrigation applied (irr), infiltration to
the soil (𝐼) and evaporation (𝐸open water). It is given by the following equation:

ℎ𝑡+1 = ℎ𝑡 + 𝑃 ′ + 𝑖𝑟𝑟 − 𝐸open water − 𝐼 (6)

On the last day of irrigation, the ponded water gets removed as runoff to mimic
the practice of farmers’ release a few days before harvest.

(b) Energy Balance

The albedo of bare soil is replaced with the albedo of water over the ponded
fields. The energy balance equation in VIC is given by:

𝑅𝑛 = 𝐿𝑔 + 𝐻 + 𝐺 (7)

Where is R𝑛the net radiation, 𝐿𝑔is the latent heat flux, 𝐻 is the sensible heat
flux, and 𝐺 is the ground heat flux. The surface temperature is estimated
iteratively according to the following steps (Liang et al., 1994b):

1. At the first time step, the surface temperature is set to the air temper-
ature. Next, the initial values of R𝑛 and ET are determined using this
temperature.

2. Equation 7 is iteratively solved for surface temperature.

3. R𝑛 and ET are recalculated using the surface temperature from (b).

4. Final surface temperature for the given time step is estimated by once
again solving Equation 7 iteratively.
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5. For the next time step, surface temperature from (d) is assumed as the
initial temperature, and (b)-(d) are repeated.

For paddy fields, an additional term to incorporate the energy stored is ponded
water is added to the energy balance equation. The heat flux stored in the water
layer (𝑆tw) is calculated based on the specific heat of water (𝑐pw), the density
of water (𝜌𝑤), ℎ and ground temperature (𝑇𝑔) using the equation (Masutomi et
al., 2016):

𝑆tw = 𝑐pw𝜌𝑤ℎ 𝜕𝑇𝑔
𝜕𝑡 (8)

The modified energy balance equation is given by:

𝑅𝑛 = 𝐿𝑔 + 𝐻 + 𝐺 + 𝑆tw (9)

3.2.2 Drip irrigation

Drip irrigation is the most efficient method of irrigation. The water is applied
directly to the root zone based on the SM condition. Here, we perform a check
every day at 6 am to find when SM falls below the critical value under which
transpiration gets limited. If that is the case, irrigation water(Irrdrip) is added to
the root zone until the field capacity is reached. The updated soil moisture(SM

′)
is given by:

SM
′ = 𝑆𝑀 + Irrdrip (10)

Paddy formulation with drip irrigation

In drip irrigation mode, paddy fields are consistently maintained at saturation
during the irrigated months. Therefore, when the SM falls below saturation,
irrigation is applied. Like in the flood irrigation formulations, drainage from
the first soil layer to the second is less due to the presence of plow sole.

4. Results and Discussions

We performed four sets of simulations in the current study: VIC_CTL,
VIC_IRR, VIC_INTER and VIC-DRIP. VIC_CTL represents the model
simulation with the default VIC model. Both VIC_IRR and VIC_INTER
employ flood irrigation, but the irrigation application is at different frequencies.
In the VIC_IRR simulation, irrigation is applied daily at 6 am during the
irrigated months. Irrigation application in VIC_INTER is intermittent at
weekly intervals. VIC-DRIP represents simulation employing the drip irrigation
mode as described in section 3.2.2. All the experiments were performed for a
period of 17 years, from 1998 to 2014. For each year, we have used two different
fractional vegetation covers for the Kharif and Rabi seasons. We considered a
one year of spin-up run to initialize the model. We have presented the results
season-wise, i.e., pre-monsoon (MAM), monsoon (JJAS), post-monsoon (ON)
and winter (DJF) season.

4.1 Model Performance
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We compared the performance of VIC_IRR with VIC_CTL in simulating
ET and SM. In Figure 3, the seasonal mean of monthly ET simulated
by VIC_CTL and VIC_IRR are compared with GLEAM ET. VIC_IRR
outperforms VIC_CTL in capturing the spatial patterns of ET. During the
pre-monsoon season, a widespread underestimation of ET can be noted in the
VIC_CTL simulation. VIC_IRR simulated ET resembles GLEAM ET over
northwest India and the northern stretch of Gangetic plains. The soil remains
moist post Rabi irrigation, leading to higher ET during the pre-monsoon
season. The grids with high ET over the northern reach indicate irrigation
activity. Sugarcane is the predominant crop in this area and is grown around
the year. However, over the central and southern stretches of the study region,
we find an underestimation in the VIC_IRR simulated ET. It is important to
note that we have not considered summer crops in our study, which could be a
possible reason for this mismatch. ET simulated in the VIC_IRR experiment
exhibits an overestimation during the monsoon season over northwest India
and the northern stretch of Gangetic plains. The data corresponding to the
interval of irrigation application at different growth stages was not available.
Consistent addition of water to the crops in the model on all irrigation days
can be attributable to the overestimated ET. The GLEAM derived ET may
also have limitations in considering extensive flood irrigation and paddy fields
in the main cropping season of India. Hence, there is also a possibility of
underestimation of ET by the GLEAM products. During the post-monsoon
and winter season, VIC_IRR performs better than VIC_CTL in simulating the
spatial patterns in ET, though the magnitudes do not match. Given wetter soil
in October subsequent to Kharif irrigation and November marks the beginning
of Rabi season, enhanced ET is observed in the VIC_IRR experiment. Since
the winter season overlaps with the Rabi season, the VIC_IRR simulated ET
is higher than VIC_CTL simulated ET. The western part of Rajasthan is
covered with barren land or open shrublands (Figure 2b and 2c) with minimal
agricultural activities. Hence, ET over this region is simulated well in both the
experiments, during all the seasons.
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Figure 3. Evaluation of modelled ET against GLEAM ET. Seasonal mean of
monthly ET (mm/month) from VIC_CTL (a, d, g, j), VIC_IRR (b, e, h, k)
and GLEAM (c, f, i, l) during the period of 1998-2014. Figures (a-c) are for
pre-monsoon (MAM), (d-f) for monsoon (JJAS), (g-i) for post-monsoon (ON)
and (j-l) for winter (DJF).

We evaluated the seasonal mean of volumetric SM simulated by VIC_CTL and
VIC_IRR experiments against ESA CCI SM in Figure 4. The depth covered
by satellite observed SM from ESA CCI is 0.5-2cm. Hence, we considered the
volumetric SM of the first layer from the model simulations. The simulated and
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observed SM closely follow the spatial patterns of ET, as expected. During the
pre-monsoon season, in the VIC_CTL experiment, we identify a widespread un-
derestimation of volumetric SM. In VIC_IRR simulation, SM over the southern
reaches is less than observed due to the non-consideration of summer crops. The
grids with sugarcane crops show higher volumetric SM. Similar to the simulated
ET during the monsoon season, SM modelled in the VIC_IRR experiment is
higher than the ESA CCI SM. However, during the post-monsoon and winter
season, VIC_IRR performs well in simulating the spatial pattern of SM. Overall,
it is evident that VIC_CTL fails to simulate the irrigation-induced SM during
the Rabi season. This limitation is overcome with the VIC_IRR simulations.
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Figure 4. Evaluation of modelled volumetric SM against ESA-SM. Mean sea-
sonal SM (m3/ m3/day) from VIC_CTL (a, d, g, j), VIC_IRR (b, e, h, k)
and ESA-SM (c, f, i, l) during the period of 1998-2014. Simulated SM of the
first layer was considered. Figures (a-c) are for pre-monsoon (MAM), (d-f) for
monsoon (JJAS), (g-i) for post-monsoon (ON) and (j-l) for winter (DJF).

4.2 Sensitivity of water fluxes to method of irrigation application

We tested the sensitivity of ET, SM and runoff to the method and frequency
of irrigation application. We compared the water fluxes simulated with two
different forms of irrigation: demand-driven drip irrigation (VIC_DRIP) and
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unconstrained flood irrigation (VIC_IRR). In Figure 5, the differences between
the seasonal mean of monthly ET simulated by VIC_DRIP and VIC_IRR
are depicted. During the pre-monsoon season, no difference was observed in
the spatial patterns of VIC_IRR simulated ET and VIC_DRIP simulated ET.
The absence of any irrigation activity except over sugarcane dominant grids
is a possible reason behind such a result. The major Kharif crop over north-
west India is paddy. In the VIC_IRR experiment, bare soil evaporation over
ponded paddy fields corresponds to open-water evaporation. Nonetheless, in the
VIC_DRIP simulations, since the topsoil layer of paddy fields is maintained at
saturation, potential evaporation occurs from bare soil. Consequently, the nega-
tive difference between the VIC_DRIP simulated ET and VIC_IRR simulated
ET is very high, especially over Punjab and Haryana. Over the Gangetic plains,
VIC_DRIP simulated ET is lower than VIC_IRR simulated ET because, in
VIC_DRIP, irrigation is based on SM conditions and occurs only when the
critical state is reached, unlike VIC_IRR that employs unconstrained flood irri-
gation. During the post-monsoon season, the differences in ET between the two
experiments are less prominent which can be attributed to the absence of irri-
gation activity during October. The VIC_IRR simulated ET is mildly higher
than VIC_DRIP during the Rabi season. This is due to excess water applica-
tion to the crops in the flood irrigation mode of the VIC_IRR experiment. The
unrestrained irrigation in the VIC_IRR simulation can be accounted for the
consistent negative difference in ET across all seasons. Conversly, Leng et al.
(2014) found ET insensitive to the irrigation technique when the flood irrigation
is demand-driven.
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Figure 5. Differences between the seasonal mean of monthly ET simulated
by VIC_DRIP and VIC_IRR during (a) pre-monsoon, (b) monsoon (c) post-
monsoon and (d) winter.

Figure 6 shows the differences between the seasonal mean of volumetric sur-
face SM simulated by VIC_DRIP and VIC_IRR. During the pre-monsoon sea-
son, zero differences indicate that the spatial patterns of SM simulated from
VIC_DRIP and VIC_IRR match precisely. We noted mild negative differences
over northwestern India and the Gangetic plains during the monsoon season.
The SM over paddy fields in both experiments is maintained at saturation.
Hence, the differences in SM are less pronounced when compared to the dif-
ferences in ET during the Kharif season. The SM simulated by VIC_DRIP is
slightly lower than the VIC_FLOOD simulated ET during the post-monsoon
season analogous to ET in Figure 5. As expected, there is a considerable neg-
ative difference during the winter season, indicating higher SM in VIC_IRR
simulation. The differences between the seasonal mean of daily runoff simu-
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lated by VIC_DRIP and VIC_IRR are demonstrated in Figure 7. During the
pre-monsoon season, the VIC_IRR simulated runoff is higher over the sugarcane
cultivated grids. The differences in runoff are maximum during the monsoon
season, followed by the winter season. Consistent negative differences across all
the seasons are due to the surplus water application in flood irrigation mode of
the VIC_IRR experiment.

Figure 6. Differences between the seasonal mean of volumetric SM simulated
by VIC_DRIP and VIC_IRR during (a) pre-monsoon, (b) monsoon (c) post-
monsoon and (d) winter.
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Figure 7. Differences between the seasonal mean of runoff simulated
by VIC_DRIP and VIC_IRR during (a) pre-monsoon, (b) monsoon (c)
post-monsoon and (d) winter

We also tested the sensitivity of the simulations to the frequency of irrigation
applications. We performed the VIC_INTER experiment by applying irrigation
water once every 7days. The only change from VIC_IRR is the frequency at
which water is added to the crop fields with same total seasonal irrigation appli-
cations. The ET simulated by VIC_INTER is slightly lower than VIC_IRR sim-
ulated ET over a few grids during the pre-monsoon and monsoon season (Sup-
plementary Figure S1). Limited moisture availability between two consecutive
irrigation applications could be a possible reason for lower ET in VIC_INTER.
The differences in ET are less prominent during the other seasons. SM shows
insignificant sensitivity to the interval of irrigation application (Supplementary
FigureS2). In Figure 8, we have plotted the difference between VIC_INTER
simulated runoff and VIC_IRR simulated runoff. In general, the runoff esti-

22



mated in the VIC_INTER experiment is higher than VIC_IRR across all sea-
sons. The difference is subtle during the pre-monsoon and winter seasons. In the
VIC_INTER experiment, water is applied all at once at the beginning of every
week, resulting in a higher runoff. The differences in runoff are more noticeable
during the monsoon and post-monsoon seasons. The antecedent moist soil due
to precipitation leads to excess runoff during these seasons. We compared the
time series of ET, SM and runoff spatially averaged over irrigated grids gen-
erated from VIC_IRR, VIC_DRIP and VIC_INTER (Supplementary Figure
S3). The time series of VIC_IRR and VIC_INTER estimated ET are identical
and exceed VIC_DRIP simulated ET during the monsoon season. Runoff is
highly sensitive, whereas SM is least susceptible to the technique and frequency
of irrigation.

Figure 8. Differences between the seasonal mean of runoff simulated
by VIC_INTER and VIC_IRR during (a) pre-monsoon, (b) monsoon (c)
post-monsoon and (d) winter
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5. Conclusion

Our study developed a new irrigation scheme designed to suit Indian agricultural
practices for widely used VIC. The irrigation water is supplied as an input to
the model, in contrast to the parametrization in conventional irrigation coupled
hydrological models. The water cycle and energy partitioning of paddy fields
under submerged conditions are formulated separately. We have also tested the
sensitivity of ET, SM and runoff to the frequency and technique of irrigation
application. The major conclusions of our study are:

1. VIC_IRR performs better than VIC_CTL in replicating the observed spa-
tial patterns of ET and SM, specifically during the non-monsoon seasons.
However, during the monsoon season, VIC_IRR overestimates ET and
SM.

2. We noted a strong response of ET on the technique of irrigation em-
ployed, particularly during the monsoon season. The ET estimated in
the VIC_DRIP experiment is lower than VIC_IRR simulated ET due to
judicious irrigation application in the former. ET is less sensitive to the
interval at which irrigation is applied to the fields.

3. SM responded significantly to the irrigation methods during the rela-
tively drier Rabi season. Minimal differences between VIC_DRIP and
VIC_IRR simulated SM were noted during other seasons. The frequency
of irrigation application has a negligible effect on SM across all seasons.

4. The difference between the VIC_DRIP and VIC_IRR simulated runoff is
more prominent during the irrigated months indicating its high sensitivity
to the irrigation technique. Runoff is also influenced by the interval of
irrigation application, mainly in the wetter months.

Here, we attempt to address the limitations in traditional irrigation-coupled
hydrological models through the newly proposed irrigation scheme. A previous
study over India using the VIC irrigation module suggested an over-estimation
of agricultural water use even though it employed demand-driven sprinkler irri-
gation (Shah et al.,2019). The apparent limitation of this study was the non-
consideration of groundwater as a source of irrigation. Conversely, we find that
the actual irrigation water use is way higher than that estimated based on SM
conditions. Another clear advantage of our model is the separate formulation
of submerged paddy fields. We also observe that the water fluxes are sensitive
to the method and interval of irrigation application. Therefore, we like to draw
attention to the fact that there are significant biases in the previously estimated
irrigation-induced effects on the water cycle. We highlight the importance of
the precise representation of irrigation practices in impact studies to plan for
appropriate adaptation strategies.

Our study has certain limitations. Though water use data are recorded based
on field experience, it may vary according to farmer behaviour (O’Keeffe et al.,
2018). In terms of quantity and frequency, the irrigation application depends
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on the stage of plant development and growth. Data pertaining to irrigation
scheduling is limited. The district-wise area under each crop and the irrigated
fraction is assumed to be uniformly distributed over the region. Thus, there
exists an ambiguity in the exact location of individual crop fields, though negli-
gible in macroscale hydrological modelling. Here, we have not taken into account
the source of irrigation water since it requires interaction with groundwater and
surface water. The future scope of this study will be to analyze the effects of
unrestrained irrigation on the depth of groundwater and its dependence on the
choice of irrigation methods.
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