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Background
Soil moisture controls heat and water fluxes from the land surface, which have a strong influence on regional weather and climate
(Betts, 2009; Seneviratne et al., 2010). Soil moisture in turn responds to atmospheric forcing, providing a feedback mechanism in the
coupled system. Capturing these feedbacks in a weather or climate model requires realistic simulation of various land surface
processes, however, irrigation and other water management methods are still missing in most climate-modelling studies today.
Irrigation has been shown to alter turbulent heat fluxes, increasing evapotranspiration and reducing surface and air temperatures, and to
subsequently affect regional weather and climate even masking the effects of global warming (Bonfils and Lobell, 2007; Kueppers et
al., 2007; Sacks et al., 2009; Qian et al., 2013; Kang and Eltahir, 2019; Thiery et al., 2020). Comparison with observations has further
demonstrated the impact of missing irrigation on surface fluxes during dry spells in climate models (Gallego-Elvira et al., 2019). Areas
of particular interest are the Indo-Gangetic Plain and the North China Plain, as these regions are dominated by irrigated agriculture
(Siebert et al., 2015a) and exhibit high sensitivity of surface fluxes to soil moisture in climate models (Dirmeyer, 2011; Dirmeyer et al.,
2014). The role of irrigation is also of fundamental importance for studies of stress to ecosystems and human beings under climate
change, which must include consideration of the combined effect of temperature and moisture (Kang and Eltahir, 2018; Mishra et al.,
2020).
Irrigation parameterizations of varying complexity have recently been used in several global land and climate models (e.g.
Guimberteau et al., 2012; Pokhrel et al., 2017; Thiery et al., 2017). An irrigation scheme is available optionally in the Joint UK Land
Environment Simulator (JULES), land component of the Met Office Unified Model (MetUM), which prevents water stress in the top
soil (Harding et al., 2013; Gedney et al., 2014; Williams and Falloon, 2015; Williams et al., 2017; Franke et al., 2020). However, the
simulation of irrigation and its impact on surface fluxes in JULES has so far not been assessed on a spatial scale.
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JULES & Irrigation
The Joint UK Land Environment Simulator (JULES) is a land surface model that both serves as the land component in the Met Office Unified
Model and can be used as a standalone (land-only) model (Best et al., 2011; Clark et al., 2011). Heterogeneity of the land surface is represented
in JULES through tiling of grid cells, which allows for the distinction of different vegetated surface types and four non-vegetated surface types
(urban, inland water, soil, and land ice) assigning a fraction for each surface type (from 0 to 1) to each grid cell. State variables and surface
fluxes are calculated separately for each surface type in a grid cell, while all surface types share a single soil column. Soil is subdivided into 4
layers in the default JULES setting with increasing layer thickness from top to bottom, covering 10cm, 25cm, 65cm, and 200cm, respectively. A
parameterisation based on TOPMODEL (TOPography-based hydrological MODEL) is available optionally in JULES to represent the effect of
sub-grid variability of soil moisture, which also introduces a groundwater storage with a thickness of 3m beneath the soil layers (Best et al.,
2011; Marthews et al., 2015). When the TOPMODEL-based parameterisation is active, water can drain from the soil layers into the groundwater
layer and water draining from the groundwater layer constitutes sub-surface runoff.
A simple representation of irrigation has been implemented in JULES that replenishes soil water in the top two soil layers to field capacity on a
daily basis, so that vegetation does not experience water stress (Gedney et al., 2014; Williams et al., 2017). The TOPMODEL-based
parameterization needs to be activated in order to physically limit the amount of irrigation, in which case irrigation water is taken firstly from the
groundwater layer and secondly from river storage. Irrigation can be applied to each vegetated surface type in JULES and is prescribed as a
fraction for each grid cell similar to fractional coverage of surface types. This irrigation fraction is applied to the soil column, which results in
separate soil moisture values for the irrigated and non-irrigated fractions in each layer. There are 3 different versions of the irrigation scheme in
JULES that differ in determining the timing of irrigation throughout the year. This study uses the simplest version of the irrigation scheme,
which applies irrigation throughout the year unless soil is frozen and does not require specific representation of crops. This version is currently
being implemented in the MetUM.
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Simulations & Observations
In this study, we have run simulations of JULES over South and East Asia, where two global hotspots
of irrigation are located. The extent of irrigation prescribed in simulations was derived from a dataset
of historical irrigation area.
Our simulations retain the default, widely used land surface configuration of JULES, demonstrating
the usage of irrigation in a way that is consistent with general climate-modelling studies using
JULES. We created simulation ensembles by varying spin-up choices and irrigation extent.
Simulation of irrigation and its impact on turbulent fluxes was assessed by comparison with
observational estimates. For this, we used reconstructions of irrigation from hydrological models and
combined observational/machine-learning products for turbulent fluxes.
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The focus of this study is South and East Asia, which features two global hotspots of irrigation in the IndoGangetic Plain and the North China Plain. Focus areas for this study are indicated by red rectangles: North China
Plain and surroundings (NCP; containing rivers Huang He, Huai He, and Chang Jiang from North to South),
North-East India (NEI; containing rivers Ganges and Mahanadi from North to South), and North-West India and
Pakistan (NWI; including river Indus).
Spatially varying irrigation fraction has to be prescribed for JULES in order to represent the extent of irrigation
across the simulation domain, which was derived from a dataset of historical area equipped for irrigation (AEI;
Siebert
blabla et al., 2015a,b). This dataset covers the period 1900 to 2005,
with AEI in 10-year increments before 1980 and 5-year increments
afterwards. Several irrigation area products are available from the
dataset, and AEI_HYDE_FINAL_IR was used in this study as it ”has
maximum consistency with the sub-national irrigation statistics” (Siebert
et al., 2015a).
Simulations run for this study represent land cover using the default
setting of 5 vegetated surface types (broadleaf trees, evergreen trees, C3
grass, C4 grass, and shrubs) without a specific representation of crops.
Instead, irrigation was applied to C3 grass, which was used as a proxy
for crops, and irrigation fraction derived from AEI was limited to
coverage by C3 grass for each grid cell.
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Simulations

Fractional coverage of surface tiles was prescribed based on International Geosphere–Biosphere Programme (IGBP) land classifications, with the
original 17 land classes being aggregated to 9 tiles in JULES (Walters et al., 2019). Seasonal cycles of leaf area index (LAI) were prescribed for
each vegetation tile in each grid cell based on Moderate Resolution Imaging Spectroradiometer (MODIS) observations of LAI, shown here as
averages for C3 grass over focus areas. Vegetation height was derived from LAI and prescribed as temporally constant for each vegetation tile.
The process of deriving LAI and canopy height is explained by Wiltshire et al. (2020). Simulations were driven with 0.5º-resolution WFDEI
(WATCH Forcing Data ERA-Interim) meteorological forcing data for 1979 to 2012 (Weedon et al., 2018).
Two sets of simulations were run for this study, one with TOPMODEL but without irrigation (henceforth, CTRL) and one with TOPMODEL and
irrigation (henceforth, IRRG). Since the irrigation scheme draws from groundwater in this study, usage of irrigation during spin-up as well as
spin-up duration modulate the availability of water for irrigation and thus its impact. We test the sensitivity of the impact of irrigation to spin-up
choices by running spin-ups either with or without irrigation, by using either data for 1979 or data for 1979 to 1981, and by running spin-ups
either for 33 years (11 cycles of 1979-1981 or 33 cycles of 1979) or for 99 years (33 cycles of 1979-1981 or 99 cycles of 1979). Irrigation
fractions representing 1970 were prescribed for the spin-up periods, if used. After spin-up, irrigation fractions were prescribed as either
representing 1970 or representing 2005. This results in an ensemble of 16 different simulations for IRRG (and 4 for CTRL): 2 (spin-ups over 1979
or 1979-1981) ✕ 2 (spin-ups of 33 years or 99 years) ✕ 2
(spin-ups with or without irrigation) ✕ 2 (1970-level or
2005-level irrigation after spin-up). Simulations were
analysed over the period 1982 to 2012 ignoring the years
that were used for spin-up.
→ Numbers in the top right corner of each box indicate regional averages of irrigation fraction for
1970, irrigation fraction for 2005, coverage by C3 grass, and vegetation coverage (from left to right).
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Observations & Observational Estimates
Simulations are compared to products for latent heat fluxes and sensible heat fluxes from the FLUXCOM ensemble of global
land-atmosphere energy fluxes (Jung et al., 2019), which are the successor dataset to global biosphere-atmosphere flux
(GBAF) products that are used as references in the International Land Model Benchmarking System (ILAMB; Collier et al.,
2018). The FLUXCOM observational estimates have been derived from FLUXNET energy flux measurements and remote
sensing as well as meteorological data by training machine-learning algorithms (Tramontana et al., 2016; Jung et al., 2019).
For this study, we used two FLUXCOM datasets, one that only incorporates remote-sensing data with FLUXNET
observations (henceforth, RS), which covers 2001 to 2012, and one that incorporates remote-sensing data as well as WFDEI
data with FLUXNET observations (henceforth, RS+WFDEI), which covers 1979 to 2012.
Simulated irrigation is compared to reconstructions of irrigation water consumption and water withdrawal for irrigation,
which derived water consumption from water withdrawal through estimated water use efficiency (Huang et al., 2018b). These
reconstructions were created by using 4 different hydrological models to temporally and spatially downscale country-scale
estimates of water use yielding 4 estimates (Huang et al., 2018a). This product was chosen for comparison as the hydrological
models were driven by WFDEI forcing data, the same as used for simulations in this study, and the same underlying water-use
data were used to create the AEI product, from which irrigation fraction was derived for simulations in this study.
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Impact on Surface Fluxes

Seasonal cycles of irrigation, soil moisture, and surface fluxes are shown for regional
averages over focus areas North-West India and Pakistan (NWI), North-East India (NEI), and
North China Plain and surroundings (NCP). Irrigation timing is similar across regions with a
bimodal seasonal cycle, which features a peak in boreal spring (pre-monsoon season) and a
smaller peak in boreal autumn (post-monsoon season). Irrigation is applied throughout the
year over NWI and NCP, while there is no irrigation during the monsoon season over NEI.
This is because there is little to no water stress to vegetation over NEI during the monsoon
season as indicated by the soil moisture availability factor, which translates soil moisture into
a fraction between wilting point (0) and no water stress (1). Irrigation generally increases soil
moisture content (SMC) in the top soil layers, which increases soil water available to
vegetation over NCP and NWI. Over NEI, water stress to vegetation is increased during the
pre-monsoon dry season in IRRG despite increased SMC in the top soil layers, as totalcolumn SMC is reduced in IRRG throughout the year (more under “Water Fluxes…”).
Irrigation results in an increase in GPP over all focus areas, which is scaled by irrigation
magnitude and corresponds to changes in water stress to vegetation. However, the impact of
irrigation on GPP is limited in these simulations because vegetation is not modelled
dynamically. Irrigation increases latent heat fluxes (LHF) and decreases sensible heat fluxes
(SHF), and this effect is also scaled by irrigation magnitude. The impact of irrigation on the
partitioning of turbulent fluxes is largest during boreal spring, when both irrigation
magnitude and SHF peak. This shift from SHF to LHF is substantially smaller over NCP
than over NWI and NEI and reaches up to 30 Wm-2 over NEI. There is little to no range in
irrigation, and consequently in its impact on surface fluxes, within the simulation ensemble
IRRG over NCP and NWI, indicating a constraint on water for irrigation.
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Biases in Turbulent Fluxes

Simulations capture the seasonality of turbulent fluxes over focus areas when compared to FLUXCOM
products (RS and RS+WFDEI), showing a peak in sensible heat fluxes (SHF) during the pre-monsoon dry
season and a peak in latent heat fluxes (LHF) during the monsoon season. Simulations without irrigation
underestimate LHF during the pre-monsoon season and SHF during the monsoon season across focus
areas, with the low bias in SHF over North-East India (NEI) continuing after the monsoon season. The
sum of turbulent fluxes is generally lower in simulations than in both FLUXCOM products, which
contributes to underestimations of individual turbulent fluxes in JULES. Irrigation increases LHF and
decreases SHF, which reduces biases in LHF but exacerbates biases in SHF over the North China
Plain (NCP) and North-West India & Pakistan (NWI). Over North-East India, substantial irrigation
during the pre-monsoon season results in a positive bias in LHF and a negative bias in SHF, so that LHF
and SHF are overestimated and underestimated, respectively, throughout the year.
Maps show substantial negative biases in simulated LHF over the Indus Plain and North China
Plain, which are reduced by irrigation. Irrigation increases LHF by 5-20 Wm-2 over the North China
Plain, with highest increases along the Huang He river and during JJA. LHF is increased by up to 50 Wm-2
along the Indus river, but irrigation is only applied in parts of the region that shows a substantial negative
bias in LHF. Irrigation increases LHF over the Ganges Plain by 20-50 Wm-2 during MAM, which turns
biases from underestimation to overestimation and increases biases in absolute terms. Outside of MAM,
irrigation slightly increases LHF over the Ganges Plain, increasing positive biases in JULES. Although
LHF simulated without the effect of irrigation displays substantial negative biases over regions
where irrigation is applied, biases independent of irrigation dominate over South and East Asia.
Despite regional averages indicating underestimated SHF, bias maps show positive biases in SHF over
core irrigation areas that are reduced by irrigation. Substantial negative biases in SHF, which are
independent of irrigation, contribute to the regional averages and are exacerbated where irrigation is
applied. As seen for LHF, the impact of irrigation over the Indus Plain and the North China Plain is
mainly limited to river grid cells, and substantial irrigation over the Ganges Plain during JJA
exacerbates biases. Apart from the Indus Plain and the North China Plain, SHF is generally
underestimated in JULES across South and East Asia outside of the pre-monsoon dry season.
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Bias maps are shown for one ensemble
member relative to RS+WFDEI over
1982-2012. The particular ensemble
member from IRRG was chosen as it
includes irrigation during spin-up, i.e.
prior to 1979, and 2005-level
irrigation. Biases and bias ratios are
only marginally different when the
corresponding
ensemble
member
without irrigation during spin-up is
chosen. The ensemble member chosen
for CTRL corresponds to the one for
IRRG based on spin-up data and
length.
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Water Fluxes & Irrigation Sources

Irrigation also affects water fluxes throughout the soil column. Irrigation generally results in an increase in evapotranspiration of the same or similar
magnitude. Over the North China Plain (NCP), there is little to no change from CTRL to IRRG in both runoff and drainage from soil layers into the
groundwater layer. The lack of change in drainage despite extraction of water for irrigation indicates depletion of the groundwater layer. Irrigation leads to a
reduction in river flow over NCP, which indicates extraction of water as runoff is unchanged. The small range in reduction of river flow across the ensemble
suggests a quick depletion of the groundwater layer and that the contribution from rivers to irrigation is similar across simulations, i.e. independent of spinup choices. Irrigation sources differ between North-East India (NEI) and North-West India & Pakistan (NWI). Over the Ganges Plain, water for irrigation
mostly stems from groundwater, as irrigation leads to similar reductions in runoff and river flow over NEI. Extraction of groundwater over the Ganges Plain
increases drainage from soil layers to the groundwater layer. This reduces runoff but not enough to balance the increase in drainage, which results in a
reduction of SMC. Over NWI, which is comprised of the Indus Plain and the westernmost part of the Ganges Plain, reduction in river flow due to irrigation
is substantially larger than reduction in runoff, which indicates that rivers are the main source for irrigation.
Contribution from rivers to irrigation in simulations is estimated in the table, separating simulations with and without irrigation during spin-up. Extraction of
water from rivers generally increases over time, however, in contrast to NWI and NCP, the vast majority of water for irrigation over NEI is taken from the
groundwater layer independent of simulation and period. Irrigation depletes the groundwater layer over the Indus Plain and North China Plain in all
simulations, independent of usage of irrigation during spin-up, so that rivers are the main source for irrigation by the end of the simulation period.
$%
$%
( ∑$%
"#$ Δ River Flow – ∑"#$ Δ Runoﬀ ) / ∑"#$ IrrigaAon

NWI
1982-93

NWI
2001-12

NEI
1982-93

NEI
2001-12

NCP
1982-93

NCP
2001-12

IRRG w/o

79%

82%

15%

20%

42%

81%

IRRG w/

82%

82%

15%

20%

62%

84%

Subset
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Comparison with Irrigation Estimates

Irrigation simulated by JULES is compared to reconstructions of water consumption and water withdrawal for irrigation. In these reconstructions, water
consumption and water withdrawal are related through irrigation efficiency, with water withdrawal being roughly twice the amount of water consumption.
There is no irrigation efficiency in JULES, as irrigation is directly applied to soil layers, so that irrigation in JULES corresponds to reconstructed water
consumption regarding its impact on surface fluxes. Simulated irrigation is similar to reconstructed water consumption over North-West India &
Pakistan (NWI) and the North China Plain (NCP) outside of the monsoon season, during which simulated irrigation is lower than in the
reconstruction. In particular, simulated irrigation over NWI features two peaks, one before and one after the monsoon season, while reconstructed irrigation
displays little change from June to October. Despite irrigation in JULES depleting the groundwater layer over NWI and NCP, water extracted for irrigation
in IRRG is substantially less than reconstructed water withdrawal. Over North-East India (NEI), simulated irrigation is substantially higher than
reconstructed irrigation during the pre-monsoon season, compared to both consumption and withdrawal. Overall, simulated irrigation is highest over
NEI while reconstructed irrigation is lowest over NEI.
Maps of irrigation in simulations and reconstructed consumption
further illustrate the dependence on river flow over NWI and NCP
in simulations. While magnitudes of maximum irrigation are
similar between simulations and reconstruction, simulated
irrigation over NWI is limited to river grid cells and missing in
between the Indus Plain and the Ganges Plain. Over NCP,
irrigation in simulations is highest along the Huang He, which is
not the case in reconstructions. Irrigation over North-East India
before the monsoon season is substantially higher in IRRG than in
the reconstruction, and there is irrigation in IRRG over Eastern
India where the reconstruction shows little to no irrigation.
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Maps show ensemble-mean reconstructed irrigation consumption (i.e. after application of efficiency)
and irrigation for one ensemble member of IRRG. The particular ensemble member includes irrigation
during spin-up, i.e. prior to 1979, and 2005-level irrigation, but maps are not substantially different
when the ensemble member with irrigation fraction for 1970 and without irrigation during spin-up is
shown.
Note that the ensemble member is the same as the one used for maps of biases in turbulent fluxes.
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Conclusions
The irrigation scheme in JULES is generally able to capture the seasonality and magnitude of
irrigation over the North China Plain and the Indus Plain but overestimates irrigation over the Ganges
Plain compared with reconstructions of irrigation. Introduction of irrigation in JULES increases
evapotranspiration and primary productivity, increases latent heat fluxes, and decreases sensible heat
fluxes.
Comparison with combined observational/machine-learning products shows that irrigation improves
the simulation of turbulent fluxes in JULES over the North China Plain and the Indus Plain but
exacerbates biases over the Ganges Plain. However, biases in turbulent fluxes over South and East
Asia unrelated to irrigation are larger than changes in turbulent fluxes due to irrigation.
Furthermore, the irrigation scheme rapidly depletes groundwater storage, suggesting the
representation of groundwater in JULES restricts the amount of water available for irrigation and
might be insufficient for the simulation of physically-constrained irrigation.
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