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Abstract

Rainfed crops account for approximately 40% of India’s food production and support 60% of

its livestock. Although linked to oceanic monsoon rainfall, their productivity also depends on
terrestrially-sourced rainfall, particularly in the non-monsoon season. The degree to which rain-
fed crops rely on moisture sourced from evaporation in upwind irrigated areas remains largely
unknown. Using a combination of models and observations, we show that evaporation from
upwind irrigated crops contributes 7% (mean) £ 5% (spread) of the rainfall over rainfed areas
annually, rising to 15 £ 10% during the pre-monsoon months (averaged over the years 2000—
2020). In the absence of this input, water stress experienced by rainfed crops can increase by 5%-—
10% during the crucial mid to late crop growth phases, potentially affecting yields. Our results
reveal an unrecognized atmospheric link between irrigated and rainfed agriculture that is over-
looked in current agricultural policies. Planning and managing these systems holistically can help
strengthen regional food and water security under future climates.

1. Introduction

More than a billion hectares of land are cultivated
with rainfed crops globally [1, 2]. They account for
~60% of the world’s food production and more
than 90% of the total farmed land in the socio-
economically vulnerable parts of sub-Saharan Africa,
Latin America, and Asia [3]. In India, with over 140
million hectares of sown area (60% of the total area
under cultivation), rainfed agriculture plays a crucial
role in ensuring the country’s food security [4]. By
definition, the productivity of rainfed crops depends
on the intensity and timing of precipitation. In India,
this implies that rainfed crops are disproportion-
ally tied to the variability of monsoon rainfall (July—
September), which contributes 70% of the country’s
annual rainfall [5, 6]. Furthermore, a significant pro-
portion of rainfed crops in India are also grown in

© 2026 The Author(s). Published by IOP Publishing Ltd

post-monsoon months (October—December), during
which crop growth is supported primarily by resid-
ual soil moisture from the monsoonal rainfall. During
the monsoon season, it has been observed that even a
10%-15% deficit in rainfall reduces food grain pro-
duction by up to 10 million tonnes [7]. For example,
crop losses during the severe drought of 2002 caused
the country’s gross domestic product to decline by 1%
(equivalent to ~$5 billion) [8].

The prevailing understanding is that rainfall in
India is largely sourced from oceanic evaporation,
transported inland from the Arabian Sea and the Bay
of Bengal by large-scale coupled ocean-atmosphere
oscillations at decadal to subseasonal timescales [9—
17]. Although this dependency suggests a strong link
between ocean evaporation and rainfed crop produc-
tivity in India, atmospheric moisture over the sub-
continent is not solely derived from oceanic sources.
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Recent evidence suggests that terrestrial evaporation
also plays an important role in sustaining rainfall over
India through moisture recycling [18]. Such sources
of moisture are also crucial for sustaining the growth
of rainfed crops during the non-monsoon season.
Among terrestrial moisture sources, forests and nat-
ural vegetation are widely recognized as the dom-
inant contributors to rainfall [19, 20]. Evaporation
from forests, for example, supports up to 18% of
crop production worldwide [21]. While forests rep-
resent the most effective and sustainable pathway
for moisture delivery to downwind crops, the spe-
cific role of irrigation as a complementary source of
moisture for downwind crops has received far less
attention [22]. With irrigated areas expanding rapidly
across the globe—an increase of 11% between 2000
and 2015) [23]—understanding how this additional
source of moisture affects rainfed crops is impor-
tant. On the other hand, the relationship between
irrigation expansion and its downstream moisture
contribution is unlikely to be linear, as atmospheric
moisture recycling is governed by non-linear land-
atmosphere feedbacks [24].

From the Great Plains in the United States [25]
to the Gezira Scheme in East Africa [26] and even
the large-scale irrigation projects in India [27-29],
several modelling and observation-based studies have
shown that irrigation significantly impacts both local
and remote rainfall patterns, from subdaily [30] to
climatological [31] time scales. Irrigation as a source
of moisture, especially over rainfed regions, is partic-
ularly relevant in India due to the close geographical
proximity between irrigated and rainfed crops. This
proximity increases the likelihood of recycled mois-
ture from upwind irrigation precipitating over rain-
fed crops. This is exemplified by the Indo-Gangetic
Plain (IGP), one of the most intensively irrigated
regions in the world [32], where large-scale irrigation
occurs adjacent to areas with extensive rainfed crop-
ping, and exhibits a high degree of moisture recycling
[33, 34]. The potential for irrigation-driven evapo-
ration to contribute to rainfall over rainfed crops is
particularly valuable during the non-monsoon sea-
son, when oceanic moisture transport is weaker and
rainfall is more limited compared to the monsoon
season. With a significant proportion of the rainfed
crops grown in the non-monsoon season, irrigation
contribution to rainfall might be crucial for support-
ing the growth of rainfed crops. Despite its potential
significance, the extent to which rainfed crops rely on
moisture sourced from evaporation in upwind irri-
gated regions remains poorly quantified to date.

To evaluate the potential reliance of rainfed crops
on upwind irrigation agriculture in India, we for-
mulate the following hypothesis (figure 1): evapora-
tion from irrigated crops in upwind regions reduces
water stress in rainfed crops by enhancing rainfall via
atmospheric moisture recycling. Here, water stress is
represented in terms of evaporative stress, which is
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defined as the degree to which crop water demand
is satisfied by soil moisture (see methods). To test
this hypothesis, we use an observation-constrained
moisture tracking framework capable of identifying
the spatiotemporal source of rainfall (see methods).
Specifically, we track the trajectories of simulated air
parcels that result in rainfall over rainfed regions
(sink region in figure 1) backward in time over 15
d to quantify the contribution of upwind evapora-
tion (source region in figure 1), over the years 2000—
2020. The 15 d window encompasses the majority
of the long tail of atmospheric water vapour res-
idence time distribution [35], ensuring that most
of the evaporative source contributions to rainfall
are captured. Previous studies on moisture recycling
in India have also restricted the atmospheric resi-
dence time of moisture to less than 15 d [36]. This
upwind contribution is evaluated both in terms of
(a) blue water evaporation (Ep),c), defined as the part
of the total water used by crops that can be directly
attributed to applied irrigation, and (b) both blue
and green water (Egrn), which is the part of total
crop evaporation which can be attributed to rain-
fall. With a Food and Agriculture Organization (FAO
56)-based model [37, 38], we explicitly estimate blue
and green evaporation from 14 major irrigated and
rainfed crops in India (see methods for details and
the complete list of crops considered in the study).
Finally, we assess the importance of upwind irri-
gation to rainfed crops by recalculating evaporative
stress under a counterfactual scenario where the irri-
gation contribution to rainfall over rainfed regions is
removed.

2. Methods

2.1. Identifying and quantifying the sources of
rainfall over rainfed regions

To identify and quantify the land and oceanic sources
of rainfall over rainfed regions and to determine
the contribution of evaporation from irrigated crops,
encompassing both green (Egeen) and blue (Epjue)
water components, as well as the contribution from
applied irrigation alone (Ep),e), we proceeded as fol-
lows. First, a Lagrangian atmospheric model forced
with an atmospheric reanalysis dataset is used to sim-
ulate the trajectories of air parcels distributed across
the globe. In the next step, the air parcel trajecto-
ries that result in rainfall over the target region are
tracked backward in both time and space. The target
region comprises all 0.5° x 0.5° grid cells in India
where both rainfed and irrigated crops each occupy
at least 10% of the total land area. This ensures that
we accurately represent the cropping pattern in India,
wherein irrigated and rainfed crops are grown in close
geographical proximity to each other. Furthermore,
as moisture contributions decline with distance from
the target region, selecting grid cells according to
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Figure 1. Conceptual representation of the atmospheric link between upwind irrigated agriculture and rainfed crops. A schematic
of an idealized scenario in which irrigated agriculture is practiced upwind (referred to as ‘source regions’) of an area with rainfed
crops (referred to as ‘sink region’). In addition to irrigated crops, the upwind regions might include rainfed crops, natural veg-
etation (tall and short), bare soil, and open water (lakes and oceans). The water evaporated from the upwind irrigated regions
increases the moisture content or relative humidity of the local atmosphere. This enhanced moisture is advected downwind and
provides additional moisture for rainfall over rainfed regions, contributing indirectly to soil water available for rainfed crops.
Thus, rainfed crops can be considered to rely on upwind irrigated agriculture if the absence of upwind irrigated crops (red dashed
line) leads to a considerable decrease in crop evaporation (higher evaporative stress) due to the lower rainfall and consequent
decline in soil moisture in rainfed regions. Evaporation from irrigated crops consists of two components, both of which are con-
sidered in this study: (a) blue water (Epjue) sourced from the applied irrigation water and (b) green water (Egreen) sourced from

rainfall over irrigated crops.

the above criteria maximizes the likelihood of detect-
ing an irrigation-derived moisture signal in rain-
fall over rainfed areas. The source region comprises
global irrigated land (figure S1). Along the trajec-
tory of the air parcel, the moisture gained (through
evaporation) and lost (through precipitation) is con-
sidered. Finally, these moisture uptakes and losses
are bias-corrected with observation-based estimates
and aggregated to determine the contribution of
upwind evaporation to rainfall in rainfed regions.
We make sure that the contribution of evaporation
from upwind irrigated crops to rainfall is estimated
for months in which rainfed crops are grown in
downwind regions (see methods). In the next section,
we first describe the Lagrangian atmospheric model
used in the study and then detail the moisture track-
ing framework used to evaluate the air parcels and
attribute moisture contributions from irrigated crops
to rainfall over rainfed regions.

2.1.1. Atmospheric transport model simulations

The atmospheric transport of moisture is simu-
lated using the Flexible Particle Dispersion model
(FLEXPART) version 10.4 [39, 40], driven by ERA5
atmospheric reanalysis [41]. Approximately 10 mil-
lion air parcels, uniformly distributed across the
globe, are advected forward in space and time.
FLEXPART is forced with the following meteorolog-
ical variables: specific humidity, horizontal and ver-
tical wind components, cloud cover, precipitation,

3

2 m air temperature, dew-point temperature, sensi-
ble and latent heat fluxes, and surface stress in both
zonal and meridional directions. For each air parcel,
the model records its position (latitude, longitude,
and height) and simulates its thermodynamic state,
including temperature, density, and specific humid-
ity. Model outputs are generated at 3 h intervals using
ERAS5 as the driving reanalysis.

2.1.2. Moisture tracking framework

The FLEXPART-simulated trajectories are analysed
to identify the moisture sources of rainfall over the
study region. Specifically, all air parcels residing over
grid cells representing rainfed areas are traced back-
ward in time for 15 d, and their moisture gains and
losses along the trajectory are recorded to determine
the upwind sources of precipitation. This analysis is
carried out using the moisture tracking framework of
[42], which evaluates the trajectories through three
sequential steps: (a) diagnosis, (b) attribution, and
(c) bias-correction. For a detailed description of these
steps, please refer to appendix A.

2.2. Observation, reanalysis, and satellite-based
datasets

Several reanalysis and satellite-based datasets are used
to force and constrain the modelling framework.
FLEXPART v10.4 is driven with ERA5 reanalysis data
[41], using variables at single and multiple model lev-
els (90 of the 137 available levels, from the surface to
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the top of the atmosphere) at 3 h temporal resolu-
tion. The ERAS data, originally available at 0.25° spa-
tial resolution, is bilinearly interpolated to 0.5° for the
analysis. The simulations span 21 years (2000-2020).

Precipitation estimates from the FLEXPART-
based tracking are bias-corrected using the Multi-
Source Weighted Ensemble Precipitation dataset, ver-
sion 2.8 (MSWEP v2.8) [43], which is available at
0.1° spatial resolution and 3 h temporal resolution.
Land evaporation is bias-corrected with the Global
Land Evaporation Amsterdam Model (GLEAM) ver-
sion 4.0a [44], a satellite-based product available at
0.1° and daily resolution, covering the period 1980—
Present. Ocean evaporation is constrained using the
Objectively Analysed Air-Sea Fluxes (OAFlux) dataset
[45], available at 1° spatial resolution and daily tem-
poral resolution. All datasets are bilinearly interpo-
lated to 0.5°, the resolution at which the final analysis
is conducted.

2.3. Modelling crop evaporation

To estimate evaporation from irrigated and rain-
fed crops, a modelling framework [38, 46] based
on the FAO-56 [37] model is employed. Using
the model, evaporation from the following 14
major crops in India are estimated: Barley, Cotton,
Groundnut, Maize, Millet, Potato, Pulses, Rapeseed,
Rice, Sorghum, Soy, Sugarcane, Sunflower, and
Wheat. For details of the model, please refer to
appendix B. Using the model, the evaporative stress in
crops satisfied by moisture contribution from upwind
irrigated agriculture is calculated using the method-
ology described in appendix C. Additionally, we also
define an irrigation recycling efficiency metric to
quantify the value of irrigation applied in a particular
region for remote or downwind rainfed crops (refer
to appendix D for details).

3. Results and discussions

3.1. Upwind irrigated crops as a source of rainfall
for rainfed crops

Across all the rainfed crop growing regions in India,
evaporation from upwind irrigated crops (both Epjy.e
and Egreen) contributes 7.0% or 53.8 mm yr~! (spa-
tial mean across all the grid cells) £5.2% or 45.0 mm
yr—! (spread, namely the spatial variability of con-
tributions represented here by one standard devia-
tion) of the rainfall. However, we observe large spatial
variability in the contribution of evaporation from
upwind irrigated crops to rainfall across the country.
In the IGP, a northern region with significantly higher
irrigation intensity compared to the rest of the coun-
try, the contribution of evaporation from upwind
irrigated crops is greater than 20%. The interannual
variability of the contributions is also high, with a
mean standard deviation of 9.3% across India (aver-
aged over all grid cells), and a spatial spread of +4.5%
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reflecting the variability of this interannual standard
deviation across grid cells (figure S6).

To further highlight the importance of these con-
tributions to rainfall, especially during dry periods,
we compare the wettest and driest years at each grid
cell (figure S9). We find that the contribution of
upwind irrigated crop evaporation to rainfall over
rainfed regions is consistently higher during the dri-
est years, particularly in the IGP region, where values
exceed 20%. Earlier studies have also suggested high
precipitation recycling ratio and enhanced impact of
vegetation feedbacks on monsoon rainfall in dry years
[18,47]. During dry monsoon years, when large-scale
ocean-atmosphere oscillations and land-sea tempera-
ture gradients [13, 14] suppress rainfall, upwind irri-
gation can potentially buffer the moisture deficits
over rainfed regions. Spatially, semi-arid regions in
northwestern India, where irrigated cropping inten-
sity is high, also show substantial moisture contri-
butions from upwind irrigated crops. The dry back-
ground climate of these regions may amplify the rel-
ative importance of this moisture source. However,
semi-arid regions in southern India with compara-
ble aridity but considerably lower irrigated cropping
intensity show much smaller contributions, suggest-
ing that cropping intensity plays a more dominant
role [28].

Next, we isolate the part of the rainfall over
rainfed crops that can be attributed only to Epj.
(i.e. applied irrigation water) in upwind irrigated
crop. In figure 2(b), we see that the Ey,e contribution
to rainfall is between 30% and 50% of the total con-
tribution (Epjye+Egreen)> With a maximum contribu-
tion of approximately 6%. Spatially, we observe that
in addition to the IGP, Ey},e contributions are signifi-
cant in the dry western parts of India (figure S7). The
relationship between irrigation water (Ep,. only) and
irrigated crop (both Eyjye and Egreen) evaporation does
not show any discernible pattern with monthly rain-
fall amount or the cropping intensity of rainfed crops
(figure 2(b)).

When the evaporation contributions to rainfall
from upwind irrigated crops are aggregated monthly,
we observe the emergence of a distinct seasonal pat-
tern (figure 2(c)). First, the contribution of evapo-
ration from upwind irrigated crops (both Epj,e and
Egreen) is the least during the monsoon season (June—
September), which is associated not only with the
largest proportion of annual rainfall, but also with the
highest cropping intensity of rainfed crops (inverted
barplots in figure 2(c)). This is expected as rainfall is
the primary source of water even for irrigated crops
during the monsoon season, which is reflected in
the low contribution of Epj. (blue-coloured stacked
barplot) compared to Egre, (green-coloured stacked
barplot) in that period. Despite low contributions
from upwind Eyy,e, evaporation from irrigated crops
(both Epjye and Egreen) contribute as high as 20% to
rainfall over rainfed crops in some regions of India
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15 20 25
Contribution of both blue and green water from
upwind irrigated crops to rainfall over rainfed regions (%)

(June—September) in India.

Figure 2. Contribution of evaporation from upwind irrigated crops to rainfall over rainfed crops. (a), Map of India showing the
annual mean percentage of rainfall over rainfed crops which is sourced from water evaporated from irrigated crops (both blue
and green water) grown in upwind regions, estimated over the years 20002020 (refer to figure S5 for a map of the distribution
of rainfall across the rainfed regions). (b), Scatter plot with the contribution of both blue and green water to rainfall over rainfed
regions on the x-axis and just the blue water contribution on the y-axis for each grid cell in figure 2(a). The size of the markers
correspond to the cropping intensity of rainfed crops in each grid cell and the colour represents the mean monthly rainfall over
the region. (c), Stacked barplots showing the seasonality of the contribution of blue (in blue colour) and green water (in green
colour) from upwind irrigated crops to rainfall over rainfed crops. The error bars represent one standard-deviation in upwind
irrigated crop contribution. The secondary axes show the seasonality of the cropping intensity of rainfed crops. The colour of
the bars in the secondary axis represents the mean rainfall over each month. The red boundary highlights the monsoon season
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(figure S8) during the monsoon season. This high-
lights the importance of recycled moisture from land
for enhancing rainfall even during the wettest months
[18, 36, 48].

While the monsoonal rainfall in India supports
the biggest cropping season (termed as ‘Kharif’),
rainfed crops are also grown in the non-monsoon
months of October—-March (termed as ‘Rabi’) and
March—June (termed as ‘Zaid’). From our analy-
sis it emerges that, during the non-monsoon sea-
son, the reliance of rainfall over rainfed regions on
moisture sourced from upwind irrigated crops is
considerably higher than in the monsoon season
(figure 2(c)). Spatially, the enhanced relative con-
tribution during the non-monsoon season is con-
sistent across the country with the highest increase
seen in the IGP region (figure S8). However, dur-
ing the months of October-December, contribution
from upwind Egreeq is considerably higher than Ejj,e,
similar to the monsoon season despite the signifi-
cantly lower rainfall. The discrepancy between Egreen
and Ep,. contributions is in line with the fact that,
in India, rainfed crops post-monsoon rely on soil
moisture gained during the monsoon season [49, 50],
in addition to the winter rainfall. Applied irrigation
(Eblue) plays an important role in sustaining rainfall

over rainfed crops during the pre-monsoon months
of February—May, where rainfall amounts are the low-
est (figure 2(c)). During these months, mean Epjye
contribution reaches a maximum of 8% in March.
Notwithstanding the fact that rainfed cropping inten-
sity in these months is relatively low (maximum
20%), evaporation from irrigated crops in the upwind
areas still represent a very important source of mois-
ture for sustaining downwind rainfall and ensuring
rainfed crop production.

3.2. Dependence of rainfed crop evaporative stress
on upwind irrigated crops

The previous section established irrigated crop evap-
oration as an important source of moisture for rain-
fall over rainfed crops. Here, we explore the extent to
which rainfed crops depend on this moisture source
to satisfy their water demand. Such an analysis is nec-
essary as the translation of rainfall to rainfed crop
evaporation is not linear, i.e. a unit decrease in rain-
fall does not necessarily imply an unit decrease in
crop evaporation given that crop water availability is
mediated by soil conditions. To conduct this analy-
sis, we develop two counterfactual scenarios in which
(a) both the Eyjye and Egreen contribution and (b) only
Epue contribution from upwind irrigated crops are

5
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Figure 3. Increase in evaporative stress in rainfed crops in the absence of upwind irrigated crops. (a), Map of India showing

the mean percentage increase in evaporative stress in rainfed crops if there were no irrigated crops in the upwind regions thus
resulting in a decline in rainfall over rainfed regions (averaged over the years 2000—-2020). In estimating these values, both the
green and blue water components of evaporation from irrigated crops to precipitation were set to zero. (b), The mean percentage
increase in evaporative stress in rainfed crops due to the absence of contribution from just irrigation (blue water) in the upwind
regions to rainfall over them. (c), Stacked barplots showing the seasonality of the increase in evaporative stress in rainfed crops
due to the absence of blue (in blue colour) and green (in green colour) water contributions to rainfall over them. The error bars
represent one standard-deviation in evaporative stress increase across the rainfed crop regions.
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removed from rainfall over rainfed crops. Then, the
reduced rainfall is used to simulate the evaporation
from rainfed crops (see methods for more details).
Each counterfactual scenario is compared with the
control one (see methods) to determine the increase
in evaporative stress in the absence of upwind irri-
gated agriculture (figure 3).

Averaged across the 21 years (2000-2020), the
evaporative stress increase due to the absence of Epjye
and Egreen contribution from upwind irrigated crops
is 1.5£1.0%. Spatially, the highest increase is seen
in the IGP (as high as 8%) (figure 3(a)), consistent
with the distribution of rainfall contribution esti-
mates already observed in figure 2(a). Accounting for
interannual variability, the average evaporative stress
in the IGP region can be as high as 15% (standard
deviation of evaporative stress increase is presented
in figure S10). The average impact of just the blue
water component on rainfed crop evaporative stress
is insignificant, with values even in the IGP region
reaching maximum 1.5% (figure 3(b)). Furthermore,
the evaporative stress increases are highest dur-
ing the non-monsoon season (figure 3(c)), consis-
tent with the irrigated crop contribution to rain-
fall in figure 3(c). In the post-monsoon season

(October-December), the availability of moisture
from upwind Egreen is more important than Eypye con-
tributions to rainfall in satisfying the water demand
of rainfed crops. As expected, the situation reverses
during the pre-monsoon (February—May), where the
applied irrigation (Ep,.) forms a key source of mois-
ture for downwind rainfed crops.

However, temporally and seasonally averaged
estimates of evaporative stress are not entirely indica-
tive of how important upwind crop evaporation is
for rainfed crops and their water use. This is because
water stress (represented here by evaporative stress)
impacts various phases of crop growth differently. To
explore this further, we estimate the 90th percentile
increase in daily evaporative stress in the absence of
contributions from upwind Epe and Egeen (figure
S11(a)). In the absence of irrigated crops, the 90th
percentile evaporative stress is 4.7£3.4% on average
across the whole country. This implies that for 36 days
in a year, rainfed crops experience three times more
water stress than the annual mean. In the IGP region,
the 90th percentile evaporative stress is greater than
15% (also about three times the annual mean), with
just the Epjye contribution reaching the 10% (figure
S11(b)). While the 90th percentile results show that
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Figure 4. Increase in evaporative stress during different crop growth phases. A schematic (top panel) shows the four different
crop growth phases, namely initial, crop development, mid-season, late season. The crop coefficient K is the fraction of ref-
erence evaporation that is actually evaporated by the crop, and determines the water use of crops at different stages of growth.
Bottom panels show the histograms of percentage increase in evaporative stress in rainfed crops corresponding to each crop
growth phase, when there are no irrigated crops in the upwind region (both green and blue water, shown in green colour) and
in the absence of only irrigation (blue water, shown in blue colour).

plants exhibit high water stress for a significant period
of time in the absence of upwind irrigated crops, it
does not provide information on ‘when’ the crops
experience it. To better understand the timing of high
water stress in the absence of upwind irrigated agri-
culture, we aggregate the evaporative stress increase
estimates of all the grid cells into the four main crop
growth phases [37]: (a) initial, (b) crop development,
(c) mid-season, (d) late season. From figure 4, it is evi-
dent that the highest evaporative stress is experienced
by the crops during the mid and late seasons of crop
growth. Incidentally, these seasons are widely recog-
nized as being the most crucial for crop productivity.
While water stress during the mid season can lead to
reduced biomass due to reduced photosynthesis [51,
52], in the late season, it can result in reduced grain
size and thus a major reduction in crop yields [53,
54]. We note that the increase in evaporative stress
due to upwind irrigated crop evaporation presented
here represents the upper limit of water stress that
can be expected in the complete absence of any evap-
oration (blue or green) upstream. However, in real-
ity, this might not be the case as the absence of irri-
gated crops still implies that there might be evapora-
tion from other land covers such as bare soil, grass, or
trees (in place of irrigated crops).

3.3. Irrigation recycling efficiency

Our results so far highlighted the potential for evap-
oration from irrigated agriculture to supplement the
water requirement of downwind rainfed crops. Given
that irrigation expansion is already underway across
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India and is expected to continue [23], an important
question is whether the atmospheric moisture ben-
efits identified in this study can potentially inform
where and how such expansion should be planned.
To this end, we define an irrigation recycling effi-
ciency metric (see methods and appendix E), which
quantifies the fraction of applied irrigation that is
recycled into a region with substantial rainfed crop
presence (at least 10% of the land area is covered
by rainfed crops) (figure 5(a)). Our analysis reveals
that, in addition to parts of the IGP, western and
southwestern parts of India emerge as prominent
hotspots for efficient irrigation recycling. Crucially,
many of these hotspot areas are not currently as heav-
ily irrigated as the IGP. We suggest that irrigation
recycling efficiency be considered as one of several
criteria—alongside conservation of natural vegeta-
tion, sustainable blue water use, and socio-economic
factors among others—when assessing the feasibil-
ity and desirability of irrigation expansion in these
regions. Seasonally, we see that the irrigation recy-
cling efficiency varied between 5% and 15%. This
is higher than the average during the pre-monsoon
months (up to 12.5%), during which any additional
rainfall is vital for crop growth (figure 5(b)).

Beyond supporting remote rainfed crops, atmo-
spheric moisture recycling also creates a potential
benefit for irrigated crops themselves. Evaporated
irrigation water can precipitate back over the same
or downwind irrigated regions, inducing a posi-
tive feedback loop that reduces the net demand for
irrigation from surface or groundwater sources. To
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Figure 5. Irrigation recycling efficiency. (a) Map of India showing the mean irrigation recycling efficiency (see methods for a
definition) for all the irrigated regions, estimated over the years 2000-2020. (b) Barplots showing the seasonality of irrigation
recycling efficiency across all the irrigated regions in India. The red boundary represents the monsoon months in India (June—
September). (c) Map of India showing the additional irrigation water needed to compensate for the reduced rainfall over irrigated
areas when the contribution of blue water evaporation (Epjye) from upwind irrigated crops to rainfall is removed.

quantify this self-sustaining effect, we estimate the
additional irrigation water that would be needed if
the contribution of blue water evaporation (Epj,.)
from local and upwind irrigated crops to rainfall
were removed. Specifically, the volume of irrigation
under actual rainfall conditions is compared with
that required after removing only the Epye con-
tribution while all other moisture sources remain
unchanged (appendix D). Our results show that this
feedback conserves up to 0.05 km> of water annu-
ally in the intensively irrigated IGP region alone
(figure 5(c)). Relative to total irrigation applied annu-
ally (0.45 km?), moisture recycling conserves 1.8% of
irrigation water on average across India, rising to 8%
in parts of the IGP (figure S12). This volume repre-
sents a potential direct saving in both water resources
and the energy required for pumping.

4. Conclusion

Typically, large-scale capital investments and policy
interventions are primarily aimed at irrigated agri-
culture, thus creating imbalanced incentive structures
that promote irrigation at the cost of supporting rain-
fed agriculture. In India, these policies include power
subsidies for irrigated agriculture [55] and monetary
incentives to transition rainfed regions into irrigated
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areas [56]. In recent decades, there have been increas-
ing calls for planning irrigated and rainfed crop sys-
tems in an integrated manner [57]. While existing
studies and policies focus on bridging the socio-
economic link between them, here we show that irri-
gated and rainfed agriculture are physically connected
through atmospheric moisture recycling. This tight
link is especially important in countries such as India,
where irrigated and rainfed crops are grown in close
proximity to each other. Globally, regions where irri-
gated and rainfed crops coexist in close proximity
include parts of Southeast Asia, eastern China, south-
ern Europe, and the US Great Plains (figure S13).
Specifically, we show that here this atmospheric link
is particularly relevant in the non-monsoon season,
and especially crucial for reducing water stress dur-
ing the mid and late seasons of crop growth, which
are critical phases to determine final crop yields.

We note that the value of moisture sourced from
upwind irrigated crops for rainfed crop growth quan-
tified in this study is a conservative estimate, given
that the analysis was carried out using irrigated crop
maps from the year 2000 [32]. However, Asia, and
especially northwest India, has witnessed a significant
expansion of irrigated area in the last two decades [23]
(~14% by area), pointing to a higher reliance of rain-
fed crops on upwind irrigation than estimated here.
Whether this expansion translates into a proportional
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increase in moisture recycling remains an open ques-
tion, as non-linear land—atmosphere feedbacks can
modulate the efficiency with which additional evapo-
ration converts to downwind rainfall [24]. In addi-
tion, while MIRCA-2000 remains the most exten-
sively validated global irrigation dataset, crop maps at
this scale carry inherent uncertainties, particularly in
smallholder-dominated regions where ground-truth
data are limited. These uncertainties can both overes-
timate and underestimate irrigated area in different
regions, and can affect the results presented in this
study.

It is also worth noting that irrigation amounts
were estimated here based on the deviation of soil
moisture from field capacity, a widely used method-
ology in large scale studies [58, 59]. Thus, we do
not take into account region-specific irrigation prac-
tices which might be important in accurately repre-
senting actual irrigation amounts and related mois-
ture recycling during the monsoon season [28].
Particularly, since our methodology computes irri-
gation as the volume needed to restore soil mois-
ture to field capacity—typically less than what is
applied under flood irrigation, the dominant practice
in India—the moisture contributions reported here
are likely a lower bound. However, this is potentially
compensated by the fact that irrigated crops are fre-
quently water stressed because of lack of irrigation,
which is also not considered in our methodology.
Furthermore, Indian irrigation practices are governed
by a complex set of socioeconomic and behavioural
factors that are difficult to represent explicitly in mod-
els. Incorporating advances in improved representa-
tion of local irrigation practices [28] in our mois-
ture recycling estimates remains a priority for future
research.

We emphasize that our findings should not be
interpreted as advocacy for expanding irrigation at
the expense of natural vegetation cover, or refor-
estation, or afforestation projects. Forests remain
the most important terrestrial source of recycled
moisture for rainfall [24] in general and agricul-
ture specifically [21]. Rather, our study highlights an
overlooked role of irrigation as a moisture source
for rainfed crops, especially given the current trend
of expanding irrigation worldwide to meet growing
food demand. Studies have shown that irrigation can
sustainably expand into 35% of the global land area
currently under rainfed crops [23, 60]. Thus, the
value of atmospheric moisture recycling of evapo-
ration from irrigated crops as an important source
of water for sustaining downwind rainfed crops is
expected to increase in the future. Finally, by estimat-
ing the degree to which irrigation applied in a cer-
tain region recycles into a rainfed crop area (irrigation
recycling efficiency), our study provides an actionable
pathway through which irrigated and rainfed agricul-
ture can be planned and managed jointly.

A Koppa et al

Acknowledgments

The computational resources used in this work was
provided by the high performance computing clusters
at EPFL in Switzerland (SCITAS), the University of
Maryland College Park in the United States (Zaratan),
and the Flemish Supercomputing Center in Belgium
(VSC). S B and F B acknowledge support from the
Swiss National Science Foundation (Grant 10000638)
and the Enterprise for Society Center. DGMand VD
acknowledges the support of the European Research
Council (ERC) via the HEAT Consolidator Grant
(101088405).

Data availability statement

The data required for reproducing the results and
figures of the study are available at https://doi.org/
10.5281/zenodo.17238978 [61]. FLEXPART-ERA5
simulations of air parcel trajectories are available
upon request from the Hydro-Climate Extremes
Lab (H-CEL), Ghent University (please contact
Victoria Deman, victoria.deman@ugent.be). All
other datasets are publicly available (refer to specific
studies cited in the text). The code used for produc-
ing the figures and the heat and moisture tracking
tool used for evaluating the air parcel trajectories are
available at https://doi.org/10.5281/zenodo.17238978
[61]. Crop-wise results from the study are available
via the drop4crop web-mapping platform at https://
drop4crop.epfl.ch.

Supplementary Data available at: https://doi.org/
10.1088/1748-9326/ae6f34/datal.

Author contributions

Akash Koppa @ 0000-0001-5671-0878
Conceptualization (lead), Data curation (lead),
Formal analysis (lead), Funding

acquisition (supporting), Investigation (lead),
Methodology (lead), Project administration (lead),
Resources (lead), Software (lead), Validation (lead),
Visualization (lead), Writing — original draft (lead),
Writing — review & editing (lead)

Francesca Bassani (2 0000-0003-1362-4253
Data curation (equal), Methodology (equal),
Writing — review & editing (equal)

Jessica Keune 2 0000-0001-6104-2165
Conceptualization (equal), Methodology (equal),
Software (equal), Writing — original draft (equal),
Writing — review & editing (equal)

Victoria Deman & 0009-0002-0200-2408
Data curation (supporting)


https://doi.org/10.5281/zenodo.17238978
https://doi.org/10.5281/zenodo.17238978
https://victoria.deman@ugent.be
https://doi.org/10.5281/zenodo.17238978
https://drop4crop.epfl.ch
https://drop4crop.epfl.ch
https://doi.org/10.1088/1748-9326/ae6f34/data1
https://doi.org/10.1088/1748-9326/ae6f34/data1
https://orcid.org/0000-0001-5671-0878
https://orcid.org/0000-0001-5671-0878
https://orcid.org/0000-0003-1362-4253
https://orcid.org/0000-0003-1362-4253
https://orcid.org/0000-0001-6104-2165
https://orcid.org/0000-0001-6104-2165
https://orcid.org/0009-0002-0200-2408
https://orcid.org/0009-0002-0200-2408

10P Publishing

Environ. Res. Lett. 21 (2026) 104037

Damian Insua-Costa @2 0000-0001-9699-2806
Data curation (supporting), Writing — review &
editing (supporting)

Vittal Hari @ 0000-0001-8754-0488
Writing — review & editing (supporting)

Subimal Ghosh @ 0000-0002-5722-1440
Writing — review & editing (supporting)

Diego G Miralles @ 0000-0001-6186-5751
Conceptualization (supporting),
Methodology (supporting), Writing — original
draft (supporting), Writing — review &
editing (supporting)

Sara Bonetti ¢ 0000-0001-8856-3438
Conceptualization (equal), Data curation (equal),
Funding acquisition (equal), Methodology (equal),
Project administration (equal), Supervision (equal),
Writing — original draft (equal), Writing — review &
editing (equal)

Appendix A. Moisture tracking framework

This section details the three components of the mois-
ture tracking framework used to identify and quan-
tify the upwind sources of moisture: (a) diagnosis, (b)
attribution, and (c) bias-correction.

The diagnosis step generates a global dataset of
precipitation and evaporation detections by analysing
all two-step trajectory segments. For every air par-
cel and at every time step in the FLEXPART simula-
tions, moisture gains and losses are identified from
changes in specific humidity using the following mass
balance:

e—p=mx/Aq (1)

where e and p (both in kg) denote the net moisture
gains and losses for each parcel due to evaporation
and precipitation, respectively. m is the parcel mass
(kg) and Ag is the change in specific humidity (kg
- kg™!) between two successive time steps along the
parcel trajectory. Precipitation is attributed to a parcel
if its specific humidity decreases between consecutive
time steps (Ag < 0) and its mean relative humidity
(RH) exceeds 80% [62], in accordance with the con-
vection scheme of [63]. The total rainfall over a region
of area (A) is then obtained by summing the contri-
butions from all # air parcels:

1 < ~
PZKZA%(AQKOkg-kg ',RH; > 80%) .

(2)
Evaporation is detected when a parcel experiences an

increase in specific humidity (Aq > 0) while residing
within the atmospheric boundary layer (ABL). The
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total evaporation over an area (A) is similarly com-
puted as:

1 n — max
E:XZA%(A%>0kg'kg La<hi) 3

max

where z; denotes the parcel height (m) and EJE is
the maximum ABL height between the two consecu-
tive time steps. The reliability of the precipitation and
evaporation detections is assessed using the criteria
described in [42].

During the attribution step, the detection crite-
ria (RH; > 80% and h}3y) are applied to identify air
parcels that contribute to rainfall over rainfed crop
regions. Each parcel satisfying the precipitation cri-
teria within the rainfed region is traced backward for
up to 15 d. All moisture uptakes and losses along the
parcel trajectory are recorded, and the contribution of
upwind evaporation to rainfall over the rainfed sink
region is quantified. Since moisture gained by a par-
cel can be partially lost as precipitation before reach-
ing the sink region, en route losses must be accounted
for using an objective approach. Here, we use the lin-
ear discounting method of [62], which assumes well-
mixed conditions within the parcel at all times. Under
this assumption, moisture lost at time step t =1 is
considered to originate proportionally from uptakes
at all preceding time steps (¢ < 7). By discounting all
en route losses, the fractional contribution of each
upwind source region to rainfall in the sink region is
obtained, resulting in a mass-conserving source—sink
relationship. Thus, evaporation from grid cells closer
to the sink region contributes proportionally more to
sink precipitation, consistent with the fact that mois-
ture from nearby sources undergoes fewer en route
precipitation losses and thus retains a larger fraction
of its original moisture by the time it reaches the
sink.

In the final step, biases in the detected precipita-
tion and evaporation fields are corrected using obser-
vational data. Source region evaporation is adjusted
by comparing the unconditional E flux estimated
from all air parcels over the source region (derived
during the diagnosis step) with satellite-based evapo-
ration estimates. The evaporation in the source region
is further decomposed into contributions from: (a)
natural vegetation (tall and short), (b) bare soil, (c)
rainfed crops, and (d) irrigated crops. By separat-
ing the green and blue water components of irri-
gated crop evaporation, we isolate the specific con-
tribution of upwind irrigated agriculture to rainfall
over rainfed regions. Rainfall over the rainfed sink
region is also bias-corrected against observational
estimates, and the source contributions are rescaled
proportionally. All bias-corrections are performed at
a daily timescale. The datasets used for precipita-
tion, ocean evaporation, and land surface evaporation
from different cover types are described in the follow-
ing sections.
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We note that validating moisture tracking frame-
works is inherently challenging due to the absence of
observations that directly constrain the quantity and
location of moisture uptake along air parcel trajecto-
ries. While water isotope observations offer insights
into moisture sources, they provide only an integrated
signal, distinguishing broad source categories such
as oceanic versus terrestrial origin, but not the spe-
cific uptake locations [64]. Isotope measurements are
also spatially sparse, though future satellite retrievals
may help address this limitation [65]. Confidence in
our results nonetheless arises from the use of ERA5
reanalysis, which assimilates a wide range of atmo-
spheric observations, as the basis for trajectory sim-
ulation, combined with the use of observed P and E
fields to constrain moisture sources. Additionally, the
moisture tracking algorithm employed here is well-
established and has successfully reproduced moisture
source regions and recycling ratios reported in the
literature [66—68].

Appendix B. Crop evaporation model

Evaporation from each of the 14 crops considered in
the study, over a single growing season (LGP), is esti-
mated by summing up the daily actual evaporation
over the growing season,

LGP
Ecr,LGP = ZEcr,ja (4)
j=1

where the daily crop evaporation is calculated as [37]
Ecr,j = kc,cr,j : ks,cr,j ' EO,j7 (5)

Ey ; being the daily potential evaporation, j the day of
the growing period, while k. and k; are the crop and
water stress coefficients, respectively. The daily poten-
tial evaporation is derived from GLEAM4 (v4.0a)
daily potential evaporation, corresponding to short
vegetation. The crop coefficient k. varies during the
growing season as

ke ini if j € Stage 1
: kc,midikc,ini LYl
ko= jo=moes ifj e Stagell ©)
T ) kemia if j € Stage I1I
ke end —ke,mid

g —— if j € Stage IV

where the length of each stage () is computed as
a fraction (py) of the length of the growing period.
Values of the crop coefficients and length of the crop
development stages were obtained from the literature
[37] (refer to [38] for more details).

The water stress coefficient kg varies between 0
(maximum water stress) and 1 (no water stress) and
is evaluated considering rainfed and irrigated produc-
tion separately. For the irrigated production the water
stress coefficient is set to 1 (no stress) for the entire

11

A Koppa et al

duration of the growing period, while for rainfed pro-
duction it is evaluated as

 TAW, — Dy, -
¥ TAW, — RAW;
where TAW (mm) is the total available water con-
tent in the root zone, RAW (mm) the readily avail-
able water content, and D,,, (mm) is the root zone
depletion in the morning (i.e. water shortage relative
to field capacity). TAW depends on the available water
contents AWC (mm m~!) and the root depth Zej
(m) as

TAW; = AWC - Z ;. (8)

The available water content was taken from the
Harmonized World Soil database v1.2, while maxi-
mum root depth (Z; max) for each crop were obtained
from [37]. The root depth was assumed to linearly
increase during the first two growing stages and then
maintained constant until harvesting.

RAW is the water that crops use for evaporation
before water stress and stomata closure begins and is
given by

RAW; = p- TAW; (9)

where p is the depletion fraction coefficient (here
assumed constant over the growing season). Values
of p for each crop were obtained from [37]. In rain-
fed crops, the root zone depletion in the morning
Dpno,j is equal to the depletion recorded at the end of
the previous day Dy ;j_; minus the daily precipitation
value Pj,

Dmo,j = Dev,j—l - Pj- (10)

Daily precipitation was obtained from MSWEP v2.8
dataset. In the evening the root zone depletion
decreases because of evaporation as Dey,j = Do j +

ETqj, with Eoj= ke ma—m - Fojo Note that
losses by deep percolation are neglected and capil-
lary rise is assumed equal to zero. Furthermore, water
excess leading to negative Dy, ; is cut off at zero
(exceeding precipitation is assumed to be lost as sur-
face runoff). In rainfed conditions, the water volume
transpired by the crop during the growth period is
totally green (Eq 1 gp = Ergp). Conversely, in irrigated
conditions, the daily volume of irrigation, I, is deter-
mined assuming that the crop fully transpires with
no water stress as I; = Dy,o,; — RAW; + kCJEO,j. In the
evening, the root zone depletion is given by D, ; =
Dino,j + Ecr j — I;. Thus, the blue water corresponds to
the irrigation water (E, ; = I;) while the green water is
the difference between the total E and Ey, ;.

We note that, in the analysis here, no specific
assumptions about irrigation methods were made—
the right amount (not more, not less) of water needed
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to ensure no stress condition is computed and con-
sidered as local irrigation requirement. For rice culti-
vation, we considered an additional volume per unit
area of 200 mm, following the approach by [46]. This
allows us to account for the water used to prepare the
paddy fields by saturating the root zone in the month
before sowing or transplanting.

Appendix C. Evaporative stress estimation

To estimate the degree to which evaporation from
upwind irrigated crops reduce the evaporative or
water stress in rainfed crops, we compare the evapo-
ration estimates from the control simulation where in
irrigated crops are grown in the upwind regions and
irrigation is applied (termed here as E; control, Where
r stands for rainfed crops), with evaporation from
two counterfactual scenarios: (a) Complete absence
of upwind irrigated crop evaporation (both Egreen, and
Epie are present) (b) Absence of just irrigation in
the upwind regions (only Egeen is present). For the
first scenario, the contribution from both upwind
Egreen and Eyjye are removed from rainfall over each
of the rainfed grid cell, and the evaporation from
rainfed crops are recalculated for all the 14 rain-
fed crops using the modeling framework described
above (termed here as E; ,,1c, where IC stands for irri-
gated crops). We note that this scenario represents
the upper limit of the expected increase in evapo-
rative stress, as removing all irrigated crop evapora-
tion assumes no replacement by evaporation from
alternative land covers (e.g. bare soil, grassland) that
would occupy the land in the absence of irrigated
crops and still contribute some moisture to down-
wind rainfall. The same procedure is repeated for
the second scenario with only the upwind Eyj,e con-
tribution removed from rainfall over rainfed crops
(termed here as E; 1w, where IW stands for irriga-
tion water). Then, increase in evaporative stress is
given by

(Econtrol - Er,x) * 100

Econtrol

AE=

(11)

where x can be noIC or noIlW depending on which of
two scenarios is being considered.

Appendix D. Increased irrigation
requirement in the absence of upwind
blue water contribution

A similar approach to evaporative stress estimation
(appendix C) is used to determine the increase in irri-
gation that would be required if blue water evapo-
ration (Eppe) from upwind and local irrigated crops
did not contribute to rainfall over irrigated regions.
Here, the volume of irrigation applied when irrigated
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crops are exposed to actual rainfall is the control sce-
nario (termed here as V_,ir01). In the counterfactual
scenario, the contribution of local and upwind Epjy.
to rainfall over irrigated crops is removed, while all
other moisture sources (including Egreen from irri-
gated crops, evaporation from natural vegetation,
bare soil, and oceanic sources) remain unchanged.
After removing the Eyjye contribution to rainfall, the
applied volume of irrigation is recalculated (termed
here as Vyorw). Then, the increase in irrigation vol-
umes is estimated as

(Vcontrol - VnoIW) * 100

Vcontrol

AV = (12)

Appendix E. Irrigation recycling efficiency

Irrigation recycling efficiency (termed here as 7) is
defined as the fraction of the applied irrigation water
which recycles through atmospheric pathways to con-
tribute to rainfall over a region with rainfed crops.
For example, if 100 units of water is applied as irriga-
tion in a certain region and if 50 units of water con-
tributes to rainfall over rainfed regions, 7 is 50%). ) is
given by
(Viar) % 100

n=-—~ (13)
Vupwind

where, Vi, is the volume of Ep,e from upwind irri-
gated crops that contributes to rainfall over rainfed
crops, Vypwind is the sum of volumes of irrigation
water applied to irrigated crops in the upwind of the
rainfed region of interest.

Appendix F. Validation of datasets used for
bias correction of moisture tracking over
India

The moisture tracking framework (appendix A) relies
on observation-based global precipitation and evap-
oration datasets for bias-correcting the upwind mois-
ture contributions to rainfall over the sink region.
To assess the reliability of these datasets over India,
we validate them against independent India-specific
reference datasets using the Kling—-Gupta efficiency
(KGE) [69], a widely used metric that integrates three
different aspects of agreement between simulated and
observed fields:

KGE=1-— \/(r—1)2+(a—1)2+(6—1)2 (14)

where r is the Pearson correlation coefficient, cap-
turing the temporal co-variability between the
two datasets; & = 0gim/0obs is the variability ratio,
measuring whether the simulations reproduce the
observed spread; and 8 = figim/ ftobs 1S the bias ratio,
quantifying systematic over- or underestimation of
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the observed mean. A KGE value of 1 indicates per-
fect agreement, while values below —0.41 indicate
that the mean of the observations provides a better
predictor than the simulated field [70].

The MSWEP v2.8 [43], used for bias-correcting
precipitation is validated against the Indian
Precipitation Ensemble Dataset [71], a gridded
precipitation product for India based on a dense
rain gauge network, and improves upon the widely
used data product from the India Meteorological
Department. KGE and its three components are com-
puted at each grid cell over the period 2000-2020
(figure S2). Across most of India, KGE values are
positive with Pearson correlations above 0.4, indicat-
ing that MSWEP captures the temporal variability of
rainfall well, though local deviations in the variabil-
ity and bias ratios are evident in the topographically
complex regions of the Western Ghats and northeast-
ern India.

GLEAM v4.0a [44], used for bias-correcting evap-
oration from natural vegetation and bare soil, is val-
idated against eddy covariance measurements at five
flux tower sites in India (table S1) [72—76]. At three
sites representing natural land covers—semi-natural
grassland (Kanpur), tropical moist forest (KNP), and
mangrove wetland (PVM) - GLEAM v4.0a evapora-
tion is evaluated directly, while at the two cropland
sites (Berambadi and Dharwad), GLEAM v4.0a evap-
oration is combined with the modelled crop evapora-
tion (appendix B). KGE values range from —0.05 to
0.40, with positive correlations at all sites indicating
that the evaporation estimates capture the seasonal
dynamics reasonably well, though both the variabil-
ity and bias ratios suggest a tendency to underestimate
the magnitude and spread of observed evaporation at
most sites.

The spatially distributed crop evaporation esti-
mated by the FAO-56-based modelling framework
(appendix B) is validated against the WATNEEDS
dataset [77], an independent global crop water use
model, for the year 2000. KGE and its components
are computed separately for irrigated (figure S3)
and rainfed (figure S4) crop evaporation, aggregated
across all 14 crops. For irrigated crops, KGE values
are positive over much of central and southern India
with correlations above 0.4 in most regions, though
our estimates are generally lower than WATNEEDS.
For rainfed crops, the performance is comparable,
with positive KGE values over most of the domain
and bias ratios close to 1 over large parts of the
country.
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