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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 terrestrial evaporation, particularly in the non-monsoon season. However, the
degree to which rainfed crops also rely on moisture sourced from upwind irrigated areas,
remains largely unknown. Using a combination of models and observations, we show that
upwind irrigated crops contribute 7%±6% of the rainfall over rainfed areas, rising to
15%±10% during the pre-monsoon months. 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, which is overlooked in current agricultural
policies. Planning and managing these systems in an holistic manner 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], supporting the
livelihood of ∼2.5 billion people [3]. 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 [4]. 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 [5]. By definition, the productivity of rainfed crops depends on the intensity and
timing of precipitation. In India, this implies that rainfed crops are disproportionally tied to the
variability of monsoon rainfall (July–September), which contributes 70% of the country’s annual
rainfall [6, 7]. Furthermore, a significant proportion of rainfed crops in India are also grown in
post-monsoon months (October–December), during which crop growth is supported primarily by
residual 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 production by up to 10 million
tonnes [8]. For example, crop losses during the severe drought of 2002 caused the country’s gross
domestic product (GDP) to decline by 1% (equivalent to ∼$5 billion) [9].

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
[10, 11, 12, 13, 14, 15, 16, 17, 18]. Although this dependency suggests a strong link between ocean
evaporation and rainfed crop productivity in India, atmospheric moisture over the subcontinent is
not solely derived from oceanic sources. Recent evidence suggests that terrestrial evaporation also
plays an important role in sustaining rainfall over India through moisture recycling [19]. Such
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sources of moisture are also crucial for sustaining the growth of rainfed crops during the
non-monsoon season.

Among the various land-based sources, including trees, short vegetation, soil, and lakes,
irrigation is a significant contributor to land–atmosphere fluxes [20]. From the Great Plains in the
United States [21] to the Gezira Scheme in East Africa [22] and even the large-scale irrigation
expansion in India [23, 24, 25], several modelling and observation-based studies have shown that
irrigation significantly impacts both local and remote rainfall patterns, from subdaily [26] to
climatological [27] time scales. Irrigation as a source of moisture, especially over rainfed regions, is
particularly relevant in India due to the close geographical proximity between irrigated and rainfed
crops. This proximity increases the likelihood of recycled moisture from upwind irrigation
precipitating over rainfed crops. This is exemplified by the Indo-Gangetic Plain (IGP), one of the
most intensively irrigated regions in the world [28], where large-scale irrigation occurs adjacent to
areas with extensive rainfed cropping, and exhibits a high degree of moisture recycling [29, 30].
The potential for irrigation-driven evaporation to contribute to rainfall over rainfed crops is
particularly valuable during the non-monsoon season, 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 supporting the growth of rainfed crops. Despite its potential significance, the extent to which
rainfed crops rely on moisture sourced from evaporation in upwind irrigated regions remains poorly
quantified to date.

To evaluate the potential reliance of rainfed crops on upwind irrigation agriculture in India, we
formulate the following hypothesis (Fig. 1): Evaporation 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 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 Fig. 1) backward in time over
15 days to quantify the contribution of upwind evaporation (source region in Fig. 1), over the years
2000–2020. This upwind contribution is evaluated both in terms of (a) blue water evaporation
(Eblue), 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 (Egreen), which is the part of total crop
evaporation which can be attributed to rainfall. With a Food and Agriculture Organisation (FAO
56)-based model [31, 32], 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 irrigation to rainfed crops by recalculating
evaporative stress under a counterfactual scenario where the irrigation contribution to rainfall over
rainfed regions is removed.
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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 vegetation (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 their
absence (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 considered in this study: (a) blue water
(Eblue) sourced from the applied irrigation water and (b) green water (Egreen) sourced from rainfall over
irrigated crops.

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 irrigated crops (both Egreen and Eblue) and irrigation water (only
Eblue), the following steps are taken. First, a Lagrangian atmospheric model forced with an
atmospheric reanalysis dataset is used to simulate the trajectories of air parcels distributed across
the globe. In the next step, the air parcel trajectories that result in rainfall over the target region
(rainfed areas in this case) are tracked backward in both time and space. Along the trajectory of
the air parcel, the moisture gained (through evaporation) and lost (through precipitation) are
considered. Finally, these moisture uptakes and losses are bias-corrected with observation-based
estimates and aggregated to determine the contribution of upwind evaporation to rainfall over
rainfed regions. In the next section, we first describe the Lagrangian atmospheric model used in the
study and then detail the moisture tracking framework used to evaluate the air parcels and
attribute moisture contributions from irrigated crops to rainfall over rainfed regions.
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2.1.1 Atmospheric transport model simulations For the global simulations of air parcel
trajectories, the model used in this study is the Flexible Particle Dispersion model (FLEXPART)
version 10.4 [33, 34] forced with the ERA5 atmospheric reanalysis data [35]. The model simulations
are carried out at a global scale using approximately 10 million air parcels which are uniformly
distributed throughout the globe and are tracked forward both in space and time. The following
variables are used to force FLEXPART v10.4: temperature, specific humidity, horizontal and
vertical wind, cloud cover, precipitation, 2-m air temperature, dew-point temperature, sensible and
latent heat fluxes, and North/South and West/East surface stress. The model tracks the location
(latitude, longitude, and height) of each of the 10 million parcels and simulates their dynamic and
thermodynamic properties (e.g., temperature, density, specific humidity). Using ERA5 reanalysis
data as forcing, these outputs are available at 3-hourly timesteps.

2.1.2 Moisture tracking framework FLEXPART simulations described above are used to
construct and evaluate the trajectories of air parcels, that is all air parcels residing over each of the
grid cells representing the rainfed regions (Fig. 2a) are tracked backward in time for 15 days and
parsed for precipitation in the rainfed regions to identify moisture sources in previous time steps
and locations. In doing so, all the locations in which the air parcel gains or loses moisture are
tracked. In this study, the analysis of air parcel trajectories from the FLEXPART simulations are
carried out using a recently developed moisture tracking framework [36]. Within the framework,
the trajectories are evaluated using the following three steps (described below): (a) diagnosis, (b)
attribution, and (c) bias-correction. For a detailed description of the three steps, please refer to
Appendix A.

2.2 Observation, reanalysis, and satellite-based datasets
Various reanalysis and satellite-based datasets are used for constraining the modelling framework
described above. The FLEXPART v10.4 model is forced with ERA5 reanalysis [35] at 0.5◦ spatial
resolution. Variables at single and multiple model levels (137-levels) extending from the surface to
the top of the atmosphere are used. The data spans the entire globe, and is available at 0.25◦

spatial resolution. Here, three-hourly reanalysis products and the lowest 90 model levels are used
for forcing the FLEXPART v10.4 model over a time period of 21 years (2000–2020). For the
bias-correction of precipitation, we use the Multi-Source Weighted Ensemble Precipitation, version
2 (MSWEP v2.8) dataset [37]. The MSWEP dataset is available at a spatial resolution of 0.1◦ and
a 3-hourly timestep. To bias-correct evaporation from land surface, the Global Land Evaporation
Amsterdam Model (GLEAM) version 4.0a is used [38]. This dataset is available at 0.1◦ at daily
temporal resolution, spanning the years of 1980–Present. For ocean evaporation, we use the
Objectively Analysed Air-Sea Fluxes (OAFlux) dataset [39]. The spatial and temporal resolution
of OAFlux is 1◦ and daily respectively. All the datasets are bilinearly interpolated to 0.5◦, the
resolution at which the final analysis is carried out.

2.3 Modelling crop evaporation
To estimate evaporation from irrigated and rainfed crops, a modelling framework [40, 32] based on
the FAO-56 [31] 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 calulated using the methdology 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
In India, irrigated and rainfed crops are grown in close geographical proximity to each other. To
accurately reflect this, in our analysis we consider all 0.5◦x0.5◦ grid cells in which rainfed and
irrigated crops each occupy more than 10% of the total land area (Fig. 2a). We make sure that the
contribution from upwind irrigated crops to rainfall is estimated for months in which rainfed crops
are grown in downwind regions (see Methods). Averaged over the period 2000–2020 and across all
the rainfed crop growing regions in India, evaporation from upwind irrigated crops (both Eblue and
Egreen) contributes 7.0%±5.2% (53.8±45 mm/year) of the rainfall over rainfed areas. However, we
observe large spatial variability in the contribution of upwind irrigated crops to rainfall across the
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country. In the Indo-Gangetic Plain (IGP), a northern region with significantly high irrigation
intensity compared to the rest of the country, the contribution of upwind irrigated crops is greater
than 20%. The interannual variability of the contributions is also high, with an average standard
deviation across India of 9.3%±4.5% (Fig. S2), and exhibiting a spatial gradient similar to that of
mean values (Fig. 2a).

Next, we isolate the part of the rainfall over rainfed crops that can be attributed only to Eblue

(i.e., applied irrigation water) in upwind irrigated crop. In Fig. 2b, we see that the Eblue

contribution to rainfall is between 30–50% of the total contribution (Eblue+Egreen), with a
maximum contribution of approximately 6%. Spatially, we observe that in addition to the IGP,
Eblue contributions are significant in the dry western parts of India (Fig. S3). The relationship
between irrigated water (Eblue) and irrigated crop (both Eblue and Egreen) evaporation does not
show any discernible pattern with monthly rainfall amount or the cropping intensity of rainfed
crops (Fig. 2b).

When the evaporation contributions to rainfall from upwind irrigated crops are aggregated
monthly, we observe the emergence of a distinct seasonal pattern (Fig. 2c). First, the contribution
of evaporation from upwind irrigated crops (both Eblue 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
Fig. 2c). 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 Eblue (blue-colored stacked
barplot) compared to Egreen (green-colored stacked barplot) in that period. Despite low
contributions from upwind Eblue, evaporation from irrigated crops contribute as high as 20% to
rainfall over rainfed crops in some regions of India (Fig. S4) during the non-monsoon season. This
highlights the importance of recycled moisture from land for enhancing rainfall even during the
wettest months [41, 19, 42].

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 analysis it emerges that, during the
non-monsoon season, the reliance of rainfall over rainfed regions on upwind irrigated crops are
considerably higher than in the monsoon season (Fig. 2c). Spatially, the enhanced relative
contribution during the non-monsoon season is consistent across the country with the highest
increase seen in the IGP region (Fig. S3). However, during the months of October–December,
contribution from upwind Egreen is considerably higher than Eblue, similarly to the monsoon
season despite the significantly lower rainfall. The discrepancy between Egreen and Eblue

contributions is in line with the fact that, in India, rainfed crops post-monsoon rely on soil
moisture gained during the monsoon season [43, 44], 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 lowest (Fig. 2c). During
these months, mean Eblue contribution reaches a maximum of 8% in March. Notwithstanding the
fact that rainfed cropping intensity in these months is relatively low (maximum 20%), irrigated
crops in the upwind areas still represent a very important source of moisture for sustaining
downwind rainfall and ensuring rainfed crop production.
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a b

c

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 2000–2020. Note: Selected grid cells, depicted in the figure, represent areas in India
demonstrating close proximity of irrigated and rainfed crops: each selected cell is characterized by a
minimum of 10% rainfed and 10% irrigated crop land area. 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 Fig.2a. The size of the markers correspond to the cropping intensity of
rainfed crops in each grid cell and the color represents the mean monthly rainfall over the region. c,
Stacked barplots showing the seasonality of the contribution of blue (in blue color) and green water (in
green color) 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 color of the bars in the secondary axis represents the mean rainfall
over each month. The red boundary highlights the monsoon season (June–September) in India.

3.2 Dependence of rainfed crop evaporative stress on upwind irrigated crops
The previous section established irrigated crop evaporation as an important source of moisture for
rainfall 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 necessary as the translation of
rainfall to rainfed crop evaporation is not linear, i.e., a unit decrease in rainfall does not necessarily
imply an unit decrease in crop evaporation given that crop water availability is mediated by soil
conditions. To conduct this analysis, we develop two counterfactual scenarios in which (a) both the
Eblue and Egreen contribution and (b) only Eblue contribution from upwind irrigated crops are
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 irrigated agriculture (Fig. 3).

Averaged across the 21 years (2000–2020), the evaporative stress increase due to the absence of
Eblue 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%) (Fig. 3a), consistent with the distribution of rainfall
contribution estimates already observed in Fig. 2a. 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 Fig. S6). 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% (Fig. 3b). Furthermore, the evaporative stress increases are highest
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during the non-monsoon season (Fig. 3c), consistent with the irrigated crop contribution to rainfall
in Fig. 3c. In the post-monsoon season (October–December), the availability of moisture from
upwind Egreen is more important than Eblue contributions to rainfall in satisfying the water
demand of rainfed crops. The situation reverses during the pre-monsoon (February–May), where
the applied irrigation (Eblue) forms a key source of moisture for downwind rainfed crops.

However, temporally and seasonally averaged estimates of evaporative stress are not entirely
indicative 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 Eblue and Egreen (Fig. S7a). 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 Eblue contribution
reaching the 10% (Fig. S7b). While the 90th percentile results show that 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 agriculture, we aggregate the evaporative stress increase
estimates of all the grid cells into the four main crop growth phases [31]: (a) initial, (b) crop
development, (c) mid-season, (d) late season. From Fig. 4, it is evident that the highest
evaporative stress is experienced by the crops during the mid and late seasons of crop growth.
Incidentally, these seasons are widely recognized as being the most crucial for crop productivity.
While water stress during the mid season can lead to reduced biomass due to reduced
photosynthesis [45, 46], in the late season, it can result in reduced grain size and thus a major
reduction in crop yields [47, 48]. 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 evaporation (blue or green) upstream. However, in reality,
this might not be the case as the absence of irrigated crops still implies that there might be
evaporation from other land covers such as bare soil, grass, or trees (in place of irrigated crops).
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a
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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 color) and green (in green color)
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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3.3 Irrigation recycling efficiency
Our results, so far, highlighted the potential for irrigated agriculture to supplement the water
requirement of downwind rainfed crops. However, given that India is a vast country, a critical
question pertinent to policy and planning arises: where should irrigation be expanded or new
projects be concentrated such that rainfed crops can derive the maximum benefit from atmospheric
recycling? To answer this question we define an irrigation recycling efficiency metric (see Methods),
which shows 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) (Fig. 5a). 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 heavily irrigated as the IGP. In other words, an expansion of irrigation in these areas
holds the highest potential to support downwind rainfed agriculture by enhancing rainfall over
them. Seasonally, we see that the irrigation recycling efficiency varied between 5%–15%. While this
may seem modest, its value is higher than the average during the pre-monsoon months (up to
12.5%), during which any additional rainfall is vital for crop growth (Fig. 5b).

Beyond supporting remote rainfed crops, atmospheric moisture recycling also creates a potential
benefit for irrigated crops themselves. Evaporated irrigation water can precipitate back over the
same or nearby irrigated regions, inducing a positive feedback loop that reduces the net demand for
irrigation from surface or groundwater sources. To quantify this self-sustaining effect, we estimate
the additional irrigation water that would be needed in the absence of this local recycling. Our
results show that this feedback conserves up to 0.05 km3 of water annually in the intensively
irrigated IGP region alone (Fig. 16c). This volume represents a potential direct saving in both
water resources and the energy required for pumping.
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a

b

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 in the absence of atmospheric recycling of applied
irrigation water.

4 Conclusions
Irrigated and rainfed agriculture are typically treated as distinct systems in most major agriculture
and water management policies. In fact, large-scale capital investments and policy interventions are
primarily targeted towards irrigated agriculture, thus creating imbalanced incentive structures that
promote irrigation at the cost of supporting rainfed agriculture. In India, these policies include
power subsidies for irrigated agriculture [49] and monetary incentives to transition rainfed regions
into irrigated areas [50]. In recent decades, there have been increasing calls for planning irrigated
and rainfed crop systems in an integrated manner [51]. While existing studies and policies focus on
bridging the socio-economic link between them, here we show that irrigated and rainfed agriculture
are physically connected through atmospheric moisture recycling. This tight link is especially
important in countries, where irrigated and rainfed crops are grown in close proximity to each
other, such as India. Specifically, we show that this atmospheric link is particularly relevant in the
non-monsoon season, and especially crucial for reducing water stress during the mid and late
seasons of crop growth, which are critical phases to determine final crop yields.

We note that the value of upwind irrigated crops for rainfed crop growth quantified in this
study is a conservative estimate, given that the analysis was carried out using irrigated crop maps
from the year 2000 [28]. However, Asia, and especially northwest India, has witnessed a significant
expansion of irrigated area in the last two decades [52] (∼14% by area), pointing to a higher
reliance of rainfed crops on upwind irrigation than estimated here. Furthermore, irrigation amounts
are estimated based on the deviation of soil moisture from field capacity, a widely used
methodology in large scale studies[53, 54]. Thus, we do not take into account region specific
irrigation practices which might be important in accurately representing moisture recycling during
the monsoon season [55]. Finally, by estimating the degree to which irrigation applied in a certain
region recycles into a rainfed crop area (irrigation recycling efficiency), our study provides an
actionable pathway through which irrigated and rainfed agriculture can be planned and managed
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together. Studies have shown that irrigation expansion can sustainably expand into 35% of the
global land area currently under rainfed crops [52, 56]. Thus, the value of atmospheric moisture
recycling of evaporation from irrigated crops as an important source of water for sustaining
downwind rainfed crops is expected to only increase in the future.
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Appendix A. Moisture tracking framework
This section describes the three main components of the moisture tracking framework used to
identify and quantify the sources of moisture in the study: (a) diagnosis (b) attribution, and (c)
diagnosis.

In the diagnosis step, a dataset of process (rainfall and evaporation) detection is generated by
evaluating all global two-step trajectories. Thus, for every air parcel and every time step in the
global FLEXPART simulations, precipitation (P ) and evaporation (E) are detected from changes
in specific humidity based on the following mass balance:

e− p = m ∗∆q (1)

where e and p (both in kg) represent net gains and losses in specific humidity for each parcel
from evaporation and precipitation, respectively. m is the mass of the parcel (kg). ∆q is the change
in specific humidity (kg.kg−1) of the parcel between two consecutive time steps along a parcel’s
trajectory. A parcel is assumed to contribute to a rainfall event if it undergoes a net loss of specific
humidity between consecutive time steps (∆q < 0) and the mean relative humidity (RH) is higher
than 80% [58], following the convection parameterization [59]. Then, rainfall over a specific area
(A) can be estimated by integrating over individual contributions of all the air parcels n as

P =
1

A

n∑
i

∆qi(∆qi < 0kg.kg−1, RHi > 80%) (2)

Similarly, E is identified if the air parcel experiences a net gain of specific humidity between two
consecutive time steps (∆q > 0) and the parcel resides within the atmospheric boundary layer
(ABL). Integrating contributions from every air parcel, E over an area (A) is estimated as:

E =
1

A

n∑
i

∆qi(∆qi > 0kg.kg−1, zi < hmax
ABL) (3)

where, zi is the height of the parcel (m) and hmax
ABL is the maximum height of the ABL between

the two time steps considered. Finally, the accuracy and reliability of the P and E detection is
evaluated using multiple criteria [36].

In the attribution step, the detection criteria (RHi > 80% and hmax
ABL) detailed above are used

to identify the air parcels that contribute to rainfall over the rainfed crops regions. Every parcel
within the rainfed region which satisfies the P detection criteria is tracked back in time for a
maximum of 15 days, which includes the long tail of the distribution of the residence time of
atmospheric water vapor [60]. All moisture gains and losses experienced by the parcel along its
trajectory are identified. Then, a quantitative attribution of evaporation in the upwind moisture
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source regions to rainfall over rainfed regions is carried out. This is a non-trivial task as the
moisture uptake experienced by the air parcel can be lost as rain en route to the rainfed region,
and rain events have to be discounted using an objective criteria. Here, we adopt the method of
linear discounting [58] which assumes that the air is well-mixed at all times. Therefore, it is
assumed that the moisture lost at a particular time step (t = i) in the parcel trajectory has
originated from moisture taken up in previous time steps (t < i), and the contribution of moisture
uptake to the rainfall at time step t = i is proportional to the magnitude of moisture uptakes in the
previous time steps. Using this method, the fractional contribution of each source region to the
sink region rainfall is calculated by discounting all en route losses. This procedure allows us to
establish a mass-conserving source–sink relationship that describes the contribution of surface
evaporation in the source region to precipitation in the sink region.

Finally, biases arising from uncertainties in P and E detection criteria are corrected using the
accuracy information estimated in the diagnosis step with observations of evaporation and
precipitation in the source and sink regions, respectively. Additionally, as ERA5 data does not
accurately represent evaporation from irrigated and rainfed crops, we chose another
observation-based data set to accurately account for crop evaporation (see below). First,
evaporation from the moisture source region is bias-corrected using the unconditional E flux
calculated using all the air parcels over the source region (from the diagnosis step) and
satellite-based E. At this stage, the decomposition of the evaporation estimates in the source
region (see below) is used to partition the contribution of upwind evaporation among its various
components including: (a) transpiration from natural vegetation (tall and short), (b) bare soil, (c)
rainfed crops, and (d) irrigated crops. Furthermore, estimating the green and blue water
components of irrigated crop evaporation, we can then attribute the specific contributions of
upwind irrigated crops to rainfall over rainfed crops. Then, the rainfall over rainfed regions is
bias-corrected using observational estimates (see below) and the contributions from the different
source regions are proportionally scaled. The bias-corrections are carried out on a daily timescale.
A detailed description of the different datasets used for rainfall, evaporation from oceans, and
different natural land cover (tall and short vegetation, bare soil), and crops are presented in the
next two sections.

Append B. Crop evaporation model
Evaporation from each of the 14 crops considered in the study, over a single growing season (LGP ),
is estimated by summing up the daily actual evaporation over the growing season,

Ecr,LGP =

LGP∑
j=1

Ecr,j , (4)

where the daily crop evaporation is calculated as [31]

Ecr,j = kc,cr,j · ks,cr,j · E0,j , (5)

E0,j being the daily potential evaporation, j the day of the growing period, while kc and ks are
the crop and water stress coefficients, respectively. The daily potential evaporation is derived from
GLEAM4 daily potential evaporation, corresponding to short vegetation. The crop coefficient kc
varies during the growing season as

kc,j = { k c,ini ifj ∈ StageI (6)

j · kc,mid − kc,ini
j − lI

ifj ∈ StageII (7)

kc,mid ifj ∈ StageIII (8)

j · kc,end − kc,mid

j − lI − lII − lIII
ifj ∈ StageIV

(9)

where the length of each stage (lst) is computed as a fraction (pst) of the length of the growing
period. Values of the crop coefficients and length of the crop development stages were obtained
from the literature [31] (refer to [32] for more details).
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The water stress coefficient ks varies between 0 (maximum water stress) and 1 (no water stress)
and is evaluated considering rainfed and irrigated production separately. For the irrigated
production the water stress coefficient is set to 1 (no stress) for the entire duration of the growing
period, while for rainfed production it is evaluated as

ks,j =
TAWj −Dmo,j

TAWj −RAWj
(10)

where TAW [mm] is the total available water content in the root zone, RAW [mm] the readily
available water content, and Dmo [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 Zr,j [m] as

TAWj = AWC · Zr,j . (11)

The available water content was taken from the Harmonized World Soil database v1.2, while
maximum root depth (Zr,max) for each crop were obtained from ref. [31]. 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

RAWj = ρ · TAWj (12)

where ρ is the depletion fraction coefficient (here assumed constant over the growing season).
Values of ρ for each crop were obtained from ref. [31]. In rainfed crops, the root zone depletion in
the morning Dmo,j is equal to the depletion recorded at the end of the previous day Dev,j−1 minus
the daily precipitation value Pj ,

Dmo,j = Dev,j−1 − Pj . (13)

Daily precipitation was obtained by uniformly distributing the monthly rainfall along the
growing season with daily frequency. In the evening the root zone depletion decreases because of
evaporation as Dev,j = Dmo,j + ETcr,j , with Ecr,j = kc · TAWj−Dmo,j

TAWj−RAWj
· E0,j . Note that losses by

deep percolation are neglected and capillary rise is assumed equal to zero. Furthermore, water
excess leading to negative Dmo,j is cut off at zero (exceeding precipitation is assumed to be lost as
surface runoff). In rainfed conditions, the water volume transpired by the crop during the growth
period is totally green (Eg,LGP = ELGP ). Conversely, in irrigated conditions, the daily volume of
irrigation, Ij , is determined assuming that the crop fully transpires with no water stress as
Ij = Dmo,j −RAWj + kc,jE0,j . In the evening, the root zone depletion is given by
Dev,j = Dmo,j + Ecr,j − Ij . Thus, the blue water corresponds to the irrigation water (Eb,j = Ij)
while the green water is the difference between the total E and Eb,j .

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 to ensure no stress condition is computed
and considered as local irrigation requirement. For rice cultivation, we considered an additional
volume per unit area of 200 mm, following the approach by ref.[40]. 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. Evaporation 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 evaporation estimates from the control simulation
where in irrigated crops are grown in the upwind regions and irrigation is applied (termed here as
Er,control, where r stands for rainfed crops), with evaporation from two counterfactual scenarios:
(a) Complete absence of upwind irrigated crop evaporation (both Egreen and Eblue are present) (b)
Absence of just irrigation in the upwind regions (only Egreen is present). For the first scenario, the
contribution from both upwind Egreen and Eblue are removed from rainfall over each of the rainfed
grid cell, and the evaporation from rainfed crops are recalculated for all the 14 rainfed crops using
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the modeling framework described above (termed here as Er,noIC , where IC stands for irrigated
crops). The same procedure is repeated for the second scenario with only the upwind Eblue

contribution removed from rainfall over rainfed crops (termed here as Er,noIW , where IW stands
for irrigation water). Then, increase in evaporative stress is given by

∆E =
(Econtrol − Er,x) ∗ 100

Econtrol
(14)

where x can be noIC or noIW depending on which of two scenarios is being considered.
A similar approach is used to determine the increase in irrigation that would be required if there

was no atmospheric moisture recycling over irrigated regions. Here, the volume of irrigation applied
when irrigated crops are exposed to actual rainfall is the control scenario (termed here as Vcontrol,
where i stands for irrigated crops). Furthermore, only one counterfactual scenario is considered,
that is absence of local and upwind irrigation or Eblue contribution to rainfall over irrigated crop.
After removing the upwind and local Eblue contribution to rainfall, the applied volume of irrigation
is recalculated (termed here as VnoIW ). Then, the increase in irrigation volumes is estimated as

∆V =
(Vcontrol − VnoIW ) ∗ 100

Vcontrol
(15)

Appendix D. Irrigation recycling efficiency
Irrigation recycling efficiency (termed here as η) is defined as the fraction of the applied irrigation
water which recycles through atmospheric pathways to contribute to rainfall over a region with
rainfed crops. For example, if 100 units of water is applied as irrigation in a certain region and if 50
units of water contributes to rainfall over rainfed regions, η is 50%). η is given by

η =
(Vi2r) ∗ 100
Vupwind

(16)

where, Vi2r is the volume of Eblue from upwind irrigated crops that contributes to rainfall over
rainfed crops, Vupwind is the sum of volumes of irrigation water applied to irrigated crops in the
upwind of the rainfed region of interest.
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Figure S1: Map of India showing the mean annual rainfall over rainfed regions, estimated over
the years 2000–2020.
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Figure S2: Map of India showing the standard deviation of the contribution of evaporation from
upwind irrigated crops (both green and blue water) to rainfall over rainfed regions, estimated over
the years 2000–2020.
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Figure S3: Map of India showing the (a) actual and (b) standard deviation of the contribution of
evaporation from upwind irrigation (only blue water) to rainfall over rainfed regions, estimated over
the years 2000–2020.
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Figure S4: Map of India showing the contribution of evaporation from upwind irrigated crops (both
green and blue water) to rainfall over rainfed regions, during (a) the monsoon (June–September)
and (b) the non-monsoon seasons, estimated over the years 2000–2020.
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Figure S5: Map of India showing the contribution of evaporation from upwind irrigation (only blue
water) to rainfall over rainfed regions, during (a) the monsoon (June–September) and (b) the non-
monsoon seasons, estimated over the years 2000–2020.
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Figure S6: Map of India showing the standard deviation of the increase in evaporative stress
in rainfed crops due to the absence of upwind (a) irrigated crops (blue and green water) and (b)
irrigation (blue water), estimated over the years 2000–2020.
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Figure S7: Map of India showing the 90th percentile increase in evaporative stress in rainfed
crops due to the absence of upwind (a) irrigated crops (blue and green water) and (b) irrigation
(blue water), estimated over the years 2000–2020.
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