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Abstract

Irrigation accounts for ~70% of global freshwater withdrawals and 
~90% of consumptive water use, driving myriad Earth system impacts. 
In this Review, we summarize how irrigation currently impacts key 
components of the Earth system. Estimates suggest that more than 
3.6 million km2 of currently irrigated land, with hot spots in the 
intensively cultivated US High Plains, California Central Valley, 
Indo-Gangetic Basin and northern China. Process-based models 
estimate that ~2,700 ± 540 km3 irrigation water is withdrawn globally 
each year, broadly consistent with country-reported values despite 
these estimates embedding substantial uncertainties. Expansive 
irrigation has modified surface energy balance and biogeochemical 
cycling. A shift from sensible to latent heat fluxes, and resulting land–
atmosphere feedbacks, generally reduce regional growing season 
surface temperatures by ~1–3 °C. Irrigation can ameliorate temperature 
extremes in some regions, but conversely exacerbates moist heat 
stress. Modelled precipitation responses are more varied, with some 
intensive cropping regions exhibiting suppressed local precipitation 
but enhanced precipitation downstream owing to atmospheric 
circulation interactions. Additionally, irrigation could enhance 
cropland carbon uptake; however, it can also contribute to elevated 
methane fluxes in rice systems and mobilize nitrogen loading to 
groundwater. Cross-disciplinary, integrative research efforts can help 
advance understanding of these irrigation–Earth system interactions, 
and identify and reduce uncertainties, biases and limitations.
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amount of irrigation water use. Next, we discuss the current conceptual 
understanding of irrigation–Earth system interactions and indicate 
where specific regional impacts have been identified with observa-
tions and models. We further consider how future climate change 
and socioeconomic development will impact irrigation trends and 
irrigation–Earth system interactions, as well as exploring potential 
sustainable water use scenarios. Finally, we suggest immediate next 
steps for cross-disciplinary irrigation research to identify and address 
key sources of uncertainty and model limitations, and improve the 
characterization of complex irrigation–climate interactions and how 
these interactions might evolve in the future.

The current state of irrigation
Knowledge of the current state of global irrigation is informed by a 
combination of official statistics, remote sensing products and state-
of-the-art process-based models. Together, these approaches reveal 
the rapid pace of global irrigation development.

Irrigation estimates from census and remote sensing products
Reported agricultural census data provide some information on irriga-
tion water use, typically at coarse spatio-temporal resolutions. Most 
widely reported are statistics on irrigated area, either area equipped 
for irrigation or area actually irrigated. These data sets combine census, 
survey and/or satellite remote sensing data to represent the irrigated 
area for a given time period. Importantly, irrigation data obtained 
using census surveys rely on farmer and/or water manager responses 
and could, therefore, embed systematic overestimates or underesti-
mates depending on incentive structures and/or monitoring capacity. 
As such, it can be difficult to ascertain the accuracy of any reported 
estimates (Box 1).

At the national scale, irrigated area data are provided by inter-
national organizations such as the UN FAO, which collates country-
reported statistics in the FAOSTAT and Aquastat databases23 (Fig. 1). 
Countries with some of the world’s most intensively cultivated areas — 
including China, India, the United States and Pakistan — report the area 
actually irrigated at national and subnational scales. These statistics 
can be further disaggregated into different irrigation sources (for 
example, groundwater versus surface water) and delivery systems 
(for example, sprinkler, flood or drip).

Some census data also report irrigation water withdrawals. The UN 
FAO provides 5-year estimates of irrigation withdrawals at the coun-
try level, but these data do not include details on how much water is 
applied to croplands or how much is consumptively used; withdraw-
als might also be underreported by some countries. Some countries 
report finer-scale irrigation water withdrawal data, for example, the 
US Department of Agriculture (USDA) and US Geologic Survey esti-
mate irrigation withdrawals at the county scale at 5-year intervals24; 
the Pakistan Bureau of Statistics reports irrigation water withdrawn 
from canals at the province scale; and the China Water Resources Bul-
letin reports withdrawals for agriculture at the province scale25. India 
does not report similar withdrawal data, but the Central Ground Water 
Board and the Directorate of Economics and Statistics provide ancillary 
data that can be used to estimate withdrawals including irrigated area, 
irrigated fraction by crop type and groundwater depth measurements 
from test wells across the country.

Beyond census statistics, advances in satellite remote sensing have 
enabled regular gridded (increasingly with grid sizes of less than 1 km) 
geospatial analyses of irrigation, which help resolve patterns and inter-
actions at the landscape level. For example, the wide availability of data 

Introduction
Irrigation is a critical component of land and water resource man-
agement, accounting for ~70% of freshwater withdrawals1–3, that is, 
water abstracted from a ground or surface freshwater reservoir and 
conveyed to a place of use. Additionally, irrigation is responsible for 
84–90% of annual global freshwater consumption (withdrawn water 
that is evaporated, transpired, incorporated into products or crops, 
or consumed by humans or livestock), or ~1,200 km3 of water, with 
~545 km3 being sourced from groundwater1,4,5. Irrigated fields cover 
~20% (~3.5 million km2) of global croplands, and these areas produce 
~40% of the world’s food (according to the United Nations Food and 
Agriculture Organization (UN FAO))5.

Irrigation is also a complex driver of regional environmental 
change, which has consequences for process-based modelling6–8. 
Although irrigated lands occupy only ~2.5% of global land area, irriga-
tion drives groundwater depletion9, enhanced soil salinity and nutrient 
leaching in agricultural systems9,10 among myriad other environmental 
impacts10,11. Furthermore, rising irrigation demand has intensified 
water management over the twentieth century, partly driving increased 
construction of water reservoirs and diversions that also have down-
stream hydrological impacts11,12. Applied irrigation water also impacts 
regional hydroclimates both locally, through feedbacks on tempera-
ture, humidity and precipitation13,14, and remotely through complex 
interactions between altered temperature and moisture gradients 
and larger-scale processes such as atmospheric circulation and wave 
activity15. These changes can even affect heat extremes in both agri-
cultural and urban areas16 and biogeochemical cycling17. Demand for 
irrigation will continue to rise throughout the twenty-first century18,19, 
primarily for agriculture but increasingly for urban landscapes as well. 
These trends, alongside climate change-induced water disruptions, put 
pressure on existing irrigation water supplies and might drive some 
regions into water scarcity20,21.

Despite constituting a socio-ecological system with many impor-
tant and non-linear feedbacks and interactions, irrigation remains 
largely underrepresented or nascent in process-based models, in par-
ticular climate, crop, hydrological and biogeochemical cycling models. 
The suboptimal representation of irrigation in models is problematic 
because both climate change and water demand trends are altering 
continental water cycling11. Model limitations and uncertainties make 
it challenging to systematically explore and disentangle the influence 
of irrigation from other factors driving global environmental change, 
and thus it is also difficult to project the hydroclimate impacts of irri-
gation in the future22. Improved irrigation data are required, in part, 
to represent important irrigation characteristics in process-based 
models, such as the existing heterogeneity of irrigation management 
across space and time including the timings, quantities and application 
systems used. Such models will lead to a deeper understanding of irri-
gation feedbacks and interactions with Earth system components and 
processes. Progress on these fronts can further aid the development of 
potential irrigation scenarios, and assessments of how these scenarios 
interact with climate change and socioeconomic development to 
impact Earth system processes, hydrological cycling and ecosystem 
services (for example, food production and environmental flows).

In this Review, we outline the current understanding of the inter-
actions between irrigation and Earth system components and pro-
cesses through an interdisciplinary lens, including inputs from data 
and observations, climate, agriculture and water resources research 
communities. We first describe how irrigation is estimated with both 
empirical data and models, and review the current global extent and 

http://www.fao.org/faostat/en/#home
https://www.nass.usda.gov/AgCensus/
https://www.pbs.gov.pk/
http://cgwb.gov.in/
http://cgwb.gov.in/
https://eands.dacnet.nic.in/
https://www.fao.org/3/y3918e/y3918e00.htm#TopOfPage
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from visible, near infrared and microwave satellite sensors from various 
satellite missions has led to the development of improved techniques 
for assessing which areas are irrigated, the timing of irrigation and/or 
water volumes supplied to the fields26–32. These data can all contribute 
to improving global maps of some irrigation characteristics. Remote 
sensing estimates of irrigation can vary in their accuracy, with some 
products, such as irrigated area, being generally validated with high 
accuracy as they are easily distinguishable using spectral features and 
do not require data with high temporal resolution33,34.

However, capturing the timing of irrigation, and retrieving irriga-
tion water volumes, has proven to be more challenging than measur-
ing the irrigated area30–32,35–37. The accuracy of the retrieved irrigation 

information is strongly affected not only by the intrinsic trade-off 
between the spatial and temporal resolution of the observations 
but also by factors such as cloud cover and sensitivity to vegetation 
(concerning microwave acquisitions)29,31. For instance, methods to 
estimate applied irrigation water based on evapotranspiration do not 
consider the total amount of water applied to the fields or water lost 
by irrigation systems, runoff or infiltration into the soil beyond 5 cm 
depths. Observations of soil moisture from traditional microwave sen-
sors (such as the Soil Moisture Active Passive (SMAP) satellite) partly 
address these issues38,39 but are limited to resolutions of 10–40 km, 
making it difficult to separate the irrigation signal of individual fields 
from other surface water reservoirs such as vegetation water content, 

Box 1

Outstanding uncertainties in irrigation data and modelling
Major uncertainties and gaps remain in irrigation research. High-
resolution spatio-temporal data sets of the area actually irrigated 
annually, crop species and calendars, irrigation methods, amounts 
and timing are critical to model irrigation210. However, no large area 
data sets exist for all these parameters. Furthermore, uncertainties in 
existing irrigated area estimates, a critical input for irrigation models, 
introduce large variation in irrigation predictions that might be partly 
irreducible186. The irrigation research community could therefore 
consider the ‘limits of acceptability’ for incorporating current data 
uncertainty into model frameworks157,211.

Without reliable data constraints, model-implemented irrigation 
lacks accuracy, and disparate model irrigation schemes and parameters 
(such as target soil moisture and irrigation efficiencies) lead to non-
negligible variation in simulated irrigation water withdrawals and 
consumption53,55,210,212,213. Additionally, although more hydrological 
models are being developed with groundwater and river-routing 
representations11,52,172,208, challenges remain in accurately allocating 
irrigation water withdrawals to surface water and groundwater 
resources.

The simulation of crop growth, including evapotranspiration, 
phenology and cropping calendars, and water and nutrient 
limitation, can also contain myriad uncertainties that require 
systematic characterization214,215. Most models do not represent 
spatio-temporally detailed water infrastructure and management, 
including reservoir operation, inter-basin transfer and managed 
aquifer recharge208. Overall, differences in model irrigation schemes, 
coupled with differences in model surface climate sensitivities, can 
drive large variations in the simulated irrigation–climate interactions 
within and across models.

Some aspects of model development can make it more 
challenging to understand irrigation–Earth system interactions. 
For example, model intercomparisons are helpful to identify 
commonalities and differences in responses, but the expense of 
running models and the need to control model heterogeneity in 
protocol design remain sizable challenges190,191. Although there can 
be high levels of inter-model variation when simulating irrigation–
Earth system interactions, several models nevertheless share 
common development trajectories, and may not constitute fully 

‘independent’ estimates when comparing models. Additionally, 
modellers have a tendency to select models that they are most 
familiar rather than considering the adequacy of a model for 
particular research questions191.

Tensions also arise between reductive model representations that 
focus on key irrigation attributes and approaches that increase the 
model complexity to add more realistic processes190. For example, 
most current Earth system models (ESMs) represent land–atmosphere 
flux exchanges based on the whole grid average states at relatively 
coarse spatial scales (around 100 km)38,190, omitting important land 
surface heterogeneity, particularly land management approaches, that 
can impact surface climate characteristics such as energy and water 
balance194. Representations of sub-surface flows and lateral movement 
of water are often simplistic and can contribute uncertainties to the 
prediction of irrigation water availability, particularly in future climate 
scenarios. Approaches to modelling irrigation water applications and 
efficiencies also remain naive47,179,216, requiring improvements in both 
data and modelling frameworks. However, more accurate inclusions 
of these processes, which impact many Earth system components, 
lead to increased model complexity, making the model harder to use 
and understand190. Using multiple model development and evaluation 
methods could help assess the value of increasing the model 
complexity and the adequacy of a model for addressing key research 
questions.

Limitations in irrigation research also stem from gaps between 
biophysical and human research fields, and between research and 
practice. Modelling that omits explicit representations of human 
decision-making might reach unrealistic findings about irrigation 
performance: people often do not irrigate in agronomically ideal 
ways. In addition to biophysical conditions, irrigators are influenced 
by a range of dynamic socioeconomic and political factors that are 
difficult to capture in biophysical models. This limitation does not, 
however, make these factors unimportant217,218. Crucial differences in 
irrigators’ expectations for water delivery and their capacity to absorb 
risks can reshape farm system decisions, influencing landscape-
scale outcomes such as water consumption and agricultural 
productivity171,218–220.
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spots, including the Indo-Gangetic Basin (IGB) (Fig. 1a), northern China 
(Fig. 1b), the US High Plains and California Central Valley (Fig. 1c), Spain, 
France, Italy, the Netherlands and Romania (Fig. 1d) and Egypt (Fig. 1e).

In some agricultural regions, subnational irrigation data can reveal 
finer-scale patterns beyond hot spots of activity. For example, Indian 
agricultural census data report that more than 80% of cultivated land 
across the Indian IGB is irrigated, although the actual irrigation applied 
varies seasonally and is at a minimum during the pre-monsoon season 
throughout April and May43. In the US High Plains, the Kansas Water 
Information Management and Analysis System (WIMAS) further pro-
vides records of how irrigation water is being used. In doing so, they 
demonstrate rapid adoption of low-energy precision irrigation applica-
tion technologies across irrigated areas, increasing from ~7% in 1996 
to 81% in 2016 (ref. 44).

Thus, there is a general understanding of where irrigation hot 
spots occur, characterized by a high proportional area coverage of 
irrigation equipment or infrastructure. However, it is not always the 
case that an equipped area is actually irrigated, due to variability in 
water availability, infrastructure and type of irrigation system, and 
other socioeconomic constraints. Improved data for resolving irriga-
tion water management, including satellite retrievals, census data 
and farmer reporting, would help advance understanding of not just 
the potential irrigation extent but also how irrigation water is applied 
across space and time.

Irrigation estimates from process-based models
Outstanding limitations of observational data motivate the use of 
process-based models to provide spatially explicit and temporally 
comprehensive information on irrigation water use. As such, irrigation 
schemes have been incorporated into hydrological and agricultural 
models, and increasingly ESMs11,45–47.

The models produce a range of irrigation withdrawal and 
consumption estimates, with average water withdrawal reaching 
~2,700 km3 year–1 with a standard deviation of 540 km3 year–1 (Fig. 2a; 
see Supplementary Table S2), broadly consistent with irrigation with-
drawal estimates from UN FAO Aquastat48. Water consumption from 
irrigation is further estimated at ~1,200 km3 year–1 with a standard 
deviation of 99 km3 year–1 (Fig. 2b; see Supplementary Table S2). 
Nevertheless, the accuracy of these estimates should be considered 
in light of several model uncertainties (Box 1), including structural and 
epistemological uncertainties, as well as the input data that drive them.

In general, most models estimate irrigation water requirements 
using either a root-zone soil moisture deficit approach or a crop-
specific potential evapotranspiration approach. In the former, 
irrigation demand is estimated as the amount of water required to 
maintain root-zone soil moisture, typically within the top metre of the 
soil, above some threshold during the growing season38,49–51. In the lat-
ter, irrigation water requirements are estimated either as the difference 
between crop-specific potential evapotranspiration and the simulated 
(unirrigated) evapotranspiration or as the difference between potential 
and effective precipitation52, usually in well-watered conditions such 
that crops transpire at the potential maximum rate. Some models also 
prescribe irrigation area and amounts based on the results of other 
offline model simulations. In these cases, irrigation is applied at a 
constant rate for a specified period14 assuming that all demand is met 
by available surface water or implicit groundwater sources11.

Partitioning irrigation water into beneficial components (for exam-
ple, crop transpiration, microclimate and nutrient management) and 
non-beneficial components (including soil evaporation, interception, 

surface runoff, drainage and conveyance losses) is also still a nascent 
point of development for process-based models53. Assessing how 
much water is beneficially used by crops is challenging, but critical for 
improving estimates of irrigation water consumption. For example, one 
estimate using the Lund–Potsdam–Jena managed land (LPJmL) model 
suggests that only 26% of irrigation water is beneficially consumed 
(that is, directly transpired by targeted crops instead of being lost by 
evaporation, interception and/or conveyance) globally47, although 
this estimate does not consider the beneficial impacts of irrigation for 
maintaining microclimate conditions or nutrient management among 
other model limitations (Box 1). This relatively low rate of beneficial 
water use is in contrast to the volume of irrigation water abstraction: 
model estimates of environmental flows indicate that at least 40% 
(~1,000 km3 year–1) of current global irrigation water use is unsustain-
able and occurs at the expense of natural ecosystem requirements19,54, 
altering river flows worldwide.

Emerging model developments also include coupling irrigation 
to surface water reservoir modules to incorporate irrigation water 
constraints and limitations50, which can improve representations of 
regionally specific seasonality in irrigation water allocations50. Another 
notable development in the hydrological modelling community has 
been the estimation of the volume of irrigation water withdrawn from 
groundwater and the associated depletion of groundwater aquifers55–57. 
For example, some hydrological (water balance) models link irrigation-
induced groundwater depletion to environmental flow limits58. Hydro-
logical models with enabled groundwater schemes also estimate that 
7–15% of unsustainable groundwater abstractions contribute to down-
stream crop water requirements and ecological low-flows, which will 
have implications should withdrawal patterns remain unchanged 
while irrigation efficiency (the proportion of extracted water that is 
beneficially consumed) increases or groundwater supplies decrease58.

Crop and combined crop–hydrological models59 provide more 
detailed representations of crop-specific phenology and resource 
(water and nutrient) use than hydrological models without explicit crop 
growth representations. Combining the strengths of agronomy-based 
crop models and physically based Earth system land surface models 
can also substantially improve simulations of crop growth and yield59. 
Furthermore, the inclusion of CO2 fertilization has been standardized 
in crop model experimentation given its effects in modulating crop 
water productivity, which can modify the irrigation requirements 
under climate change60–62. Most crop models can estimate net irrigation 
requirements, but not all account for wind and evaporative water losses 
during application47,63. Some models apply fixed global or regional irri-
gation efficiency values for irrigation applications, but these values do 
not capture sub-regional spatio-temporal heterogeneity47. The amount 
of irrigation water and the efficiency of its usage is also affected by 
the choice of irrigation system (for example, sprinkler, drip or flood). 
Although most crop models assume the use of sprinklers for irrigation 
due to a lack of reliable global data sets, emerging developments now 
include a range of irrigation systems and their different efficacies to 
partition water for various crop types47. Nevertheless, model estimates 
of irrigation efficiency are currently simplistic and in the early stages of 
development (Box 1); however, such estimates are crucial for estimating 
the potential savings of reducing non-beneficial water consumption.

Irrigation, climate and the environment
Large volumes of applied irrigation water have biogeophysical and 
biogeochemical impacts on the Earth system. These regional interac-
tions and impacts are complex and cannot be easily investigated with 
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simplified regression approaches (for example, requiring assumptions 
of stationarity), thus motivating the use of process-based models. 
Representing key irrigation–climate interactions in process-based 
models can reduce modelled hydroclimate biases, making the modelled 
results more consistent with observations7,8,64–67.

The biogeophysical and biogeochemical impacts of irrigation
Irrigation increases soil moisture, which impacts surface energy par-
titioning (Fig. 3), thereby interacting with weather and climate. If soil 
moisture is low, evapotranspiration or latent heat flux is reduced and 
more energy is available for sensible heating, increasing near-surface 
temperatures68. Irrigation increases soil moisture, increasing evapo-
transpiration and lowering the Bowen ratio (the ratio of sensible to 
latent heat flux) (Fig. 3) to drive near-surface cooling14.

Additionally, increased irrigation-driven evapotranspiration can 
raise near-surface humidity, moist static energy and, in some regions, 
convective available potential energy (CAPE; a measure of atmospheric 
instability that provides an approximation of updraft strength within 
a developing thunderstorm)14 (Fig. 3). This additional atmospheric 
moisture can also facilitate enhanced cloud cover that, in turn, induces 
a positive feedback by which enhanced cloud cover reduces incident 
short-wave radiation and net radiation. This reduction can lead to 
irrigation having an additional cooling effect at the land surface14.

Although the cooling effect of enhanced latent heat fluxes is fairly 
intuitive, irrigation can also increase surface temperatures under 
certain conditions. First, irrigation-sourced soil water can lower the 
albedo of the surface, increase net surface radiation and increase 
thermal conductivity, thereby reducing upwelling long-wave radiation 
at night69. At the same time, some regions can experience increased 
night-time temperatures owing to locally enhanced atmospheric water 
vapour caused by irrigation, which increases downwelling long-wave 
radiation70. Whether the cooling or the warming effects dominate 
depends on a range of conditions, including (but not limited to) the 

prevailing climate and the degree to which the local land surface influ-
ences atmospheric processes71. Soil textures and physical proper-
ties, seasonal temperature and moisture cycles, and interactions with 
daily and sub-daily scale boundary layer processes can also mediate 
local and regional climate responses to irrigation.

Even more complex are the impacts of irrigation on hydrologi-
cal cycling and precipitation. Enhanced humidity and CAPE increase 
the possibility of local moisture recycling and convective triggering 
(Fig. 3) although the resulting precipitation response is uncertain72. 
Irrigation-induced cooling at the land surface can increase atmospheric 
stability, thereby inhibiting local precipitation. However, near-surface 
cooling can induce anomalous subsidence and low-level divergence 
anomalies over irrigated areas, which can interact with the prevailing 
winds to drive upward motion in remote locations, thereby increas-
ing precipitation likelihoods outside irrigated areas. Enhanced water 
vapour from irrigation can reside in the atmosphere for up to 20 days 
before precipitating73. Extensive irrigation can even change local and 
regional thermodynamic gradients and surface roughness by altering 
vegetation growth, which can influence a range of atmospheric dynam-
ics from local near-surface windspeed74,75 to larger-scale circulation 
and, thus, affect the transport of moisture to remote and unirrigated 
locations76 (Fig. 3). These exports of water to surrounding areas are not 
necessarily confined to land — irrigation can also enhance water export 
to the oceans, thereby contributing to sea-level rise77.

Irrigation-induced increases in soil moisture facilitate more pro-
ductive vegetation and increased planting density78 with greater leaf 
area. This vegetation response can drive increases in total evapotran-
spiration fluxes from irrigated croplands, thereby impacting surface 
energy balance and partitioning79 (Fig. 3). In addition, intensive agri-
culture (including improved crop varieties, irrigation and nutrient 
management) can lead to increased crop biomass that, excluding the 
harvest index, increases and/or changes partitioning and turnover in 
agroecosystem carbon and nitrogen pools80. Increased crop biomass, 
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Fig. 2 | Global irrigation water withdrawals and consumption estimates.  
a, Literature estimates of global irrigation water withdrawals from different 
process-based models4,46,50,54,55,64,202–208 (see Supplementary Table S2). When 
time-varying estimates are provided, the plotted value represents the latest 
year reported. If given, bars indicate the range in withdrawals, and red dashed 
line is the average across all estimates. Repeated models indicate multiple 
estimates made using the same hydrological model but different climate forcing.  

b, As in panel a, but estimates of global irrigation water consumption4,50,54,55,203,204,208 
(see Supplementary Table S2). The mean estimate of irrigation withdrawals across 
the models is consistent with reported estimates from the United Nations Food 
and Agriculture Organization (UN FAO); however, there is substantial variation 
across individual modelled estimates of both withdrawals and consumption. 
ESM, Earth system model; LPJmL, Lund–Potsdam–Jena managed land.
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p a rtl y d ri v e n b y i r ri g ati o n, c a n i n c r e a s e g r o s s p ri m a r y p r o d u cti vit y, a n d 

t h e r ef o r e c a n i n c r e a s e t h e u pt a k e of c r o pl a n d c a r b o n a n d nit r o g e n i n 

a g r o e c o s y st e m s. H o w e v e r, hi g h e r c r o p p r o d u cti vit y mi g ht al s o i n c u r 

hi g h e r r e s pi r ati o n r at e s, wit h u n c e r t ai n i m p a ct s o n c a r b o n st o r a g e. 

I r ri g ati o n c o ul d al s o i n c r e a s e m et h a n e a n d nit r o u s o xi d e e mi s si o n s 

f oll o wi n g i nt e n sifi c ati o n, e s p e ci all y i n ri c e- b a s e d s y st e m s 8 1 .

F u r t h e r m o r e, i r ri g ati o n w at e r fl u x e s t h at a r e n ot t r a n s pi r e d b y 

t h e c r o p c a n c o nt ri b ut e t o mi n e r al nit r o g e n m o bili z ati o n a n d l e a c hi n g 

f r o m a g ri c ult u r al s oil s. T h e s e nit r o g e n l o s s e s c o nt ri b ut e t o g r o u n d, 

s u rf a c e a n d d ri n ki n g w at e r p oll uti o n, wit h nit r at e l e v el s a b o v e 1 0  p p m 

p o si n g s u b st a nti al ri s k s t o h u m a n h e alt h 8 2 ,8 3 . I r ri g at e d r e gi o n s s u c h a s 

t h e C alif o r ni a C e nt r al V all e y n o w h a v e a l e g a c y of a g ri c ult u r all y d e ri v e d 

nit r o g e n i n g r o u n d w at e r s o u r c e s, s u c h t h at t hi s s o u r c e of nit r o g e n 

f e r tili z e r m u st b e a c c o u nt e d f o r i n eff o r t s t o i m p r o v e t h e effi ci e n c y of 

c r o p nit r o g e n u s e (t h at i s, t h e nit r o g e n u pt a k e of t h e c r o p c o m p a r e d 

wit h t h e c r o p bi o m a s s o r t h e c r o p yi el d c o m p a r e d wit h t h e a m o u nt 

of nit r o g e n a p pli e d) a n d r e d u c e n ut ri e nt l o a di n g i n t h e s u r r o u n di n g 

e n vi r o n m e nt 8 4 ,8 5 .

I m p a c t s of i r ri g a ti o n o n s u rf a c e t e m p e r a t u r e
A n i n c r e a si n g n u m b e r of o b s e r v a ti o n s a r e fi n di n g t h a t i r ri g a ti o n 

i m p a ct s r e gi o n al t e m p e r at u r e s a n d t e m p e r at u r e t r e n d s8 6 , m oti v at-

i n g i n v e sti g ati o n of t h e u n d e rl yi n g m e c h a ni s m s d ri vi n g t h e s e t e m-

p e r at u r e c h a n g e s ( Fi g.  3 ) a n d h o w t h e s e eff e c t s v a r y wit h l o c ati o n 

a n d ti m e. I n g e n e r al, i r ri g ati o n- d ri v e n bi o p h y si c al p r o c e s s e s l e a d t o 

d a yti m e c o oli n g. I n t h e w e st e r n I G B, t hi s c o oli n g i s e sti m at e d at j u st 

u n d e r 3  ° C d u ri n g t h e s u m m e r a n d m o n s o o n s e a s o n 8 6 , o r a r o u n d 1 – 2  ° C 

d u ri n g t h e wi nt e r a n d s p ri n g g r o wi n g s e a s o n f r o m D e c e m b e r t o M a r c h, 

f a cilit at e d l a r g el y b y g r o u n d w at e r i r ri g ati o n 8 7 . I n s o m e g r o wi n g r e gi o n s 

i n t h e U nit e d St at e s, t h e a m plit u d e of t e m p e r at u r e r e d u cti o n s c a n 

b e l a r g e r. S p e cifi c all y, i r ri g ati o n ( Fi g.  4 a ) a n d r e s ult a nt i n c r e a s e s i n 

s oil m oi st u r e ( Fi g.  4 b ) a n d e v a p ot r a n s pi r ati o n ( Fi g. 4 c ) c o nt ri b ut e t o 

J u n e – A u g u st d a yti m e c o oli n g of > 5  ° C i n t h e C alif o r ni a C e nt r al V all e y 

a n d G r e at Pl ai n s 1 3,8 6 ,8 8 ,8 9  ( Fi g. 4 d ). G r o u n d w at e r i r ri g ati o n e x p a n si o n 

a c r o s s Mi d w e st e r n st at e s, f o r e x a m pl e Wi s c o n si n, mi g ht al s o r e d u c e 

m a xi m u m t e m p e r at u r e s b y 0. 2 – 1. 1  ° C a n d 0. 2 – 1. 8  ° C c o m p a r e d wit h 

r ai nf e d a g ri c ult u r e a n d f o r e st s, r e s p e cti v el y 9 0 . H o w e v e r, i r ri g ati o n 

d o e s n ot a p p e a r t o i n c r e a s e e v a p ot r a n s pi r ati o n a n d i n d u c e c o oli n g 

o v e r t h e Mi s si s si p pi E m b a y m e nt 8 6  ( Fi g. 4 ). T hi s o b s e r v ati o n i s p a r tl y 

c a u s e d b y t h e w e a k l a n d – at m o s p h e r e c o u pli n g i n t hi s h u mi d r e gi o n, 

w h e r e s u rf a c e fl u x e s a n d r e s ulti n g t e m p e r at u r e s a r e n ot a s s e n siti v e t o 

s oil m oi st u r e v a ri a bilit y a s o v e r t h e C alif o r ni a C e nt r al V all e y o r G r e at 

Pl ai n s 8 6 .

O b s e r v ati o n al e vi d e n c e of i r ri g ati o n-i n d u c e d w a r mi n g, p a r ti c u -

l a rl y at ni g ht, a n d/ o r of mi ni m u m t e m p e r at u r e s i s al s o e m e r gi n g. F o r 

e x a m pl e, i n Wi s c o n si n, i r ri g ati o n- r el at e d s oil m oi st u r e i n c r e a s e s d u r -

i n g a n d af t e r t h e g r o wi n g s e a s o n (t h r o u g h s oil m oi st u r e m e m o r y) 

al s o i n c r e a s e d mi ni m u m t e m p e r at u r e s, t h e r e b y s h ri n ki n g t h e di u r n al 

t e m p e r at u r e r a n g e b y ~ 3  ° C t h r o u g h o ut t h e y e a r 9 0 ,9 1 . I n t h e N o rt h C hi n a 

Pl ai n, ni g ht-ti m e w a r mi n g t r e n d s of 0. 0 0 9  ° C  y e a r – 1  o c c u r r e d d u ri n g 

M or e c ert ai n i m p a ct

U n c ert ai n i m p a ct

a   D r yl a n d a g ri c ult u r e b   I r ri g at e d a g ri c ult u r e

N O
3

N O
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C ar b o n
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Pr e ci pit ati o n

θ

C H
4

S e n si bl e h e at
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Fi g. 3 | I r ri g a ti o n – E a r t h s y s t e m i n t e r a c ti o n s.  a ,b , T h e k e y p r o c e s s e s a n d 

m e c h a ni s m s t h r o u g h w hi c h d r yl a n d a g ri c ult u r e ( p a n el a ) a n d i r ri g at e d 

a g ri c ult u r e ( p a n el b ) i nt e r a ct wit h t h e cli m at e s y st e m a n d bi o g e o c h e mi c al 

c y cl e s. D a r k g r e e n li n e s i n di c at e t h e fl o w s of c a r b o n a s C O 2  a s si mil at e d f r o m 

t h e at m o s p h e r e f r o m c r o p p h ot o s y nt h e si s, c a r b o n c o nt ai n e d i n d e c o m p o si n g 

bi o m a s s a n d s oil o r g a ni c c a r b o n ( S O C), a n d C O 2  e mitt e d b a c k t o t h e at m o s p h e r e. 

α , al b e d o; C A P E, c o n v e cti v e a v ail a bl e p ot e nti al e n e r g y; θ , s oil w at e r c o nt e nt. 

D a s h e d a r r o w s i n di c at e i nt e r a cti o n s wit h hi g h u n c e rt ai nt y. I r ri g ati o n g e n e r all y 

i n c r e a s e s l at e nt h e at fl u x e s, w hil e r e d u ci n g s e n si bl e h e at fl u x e s, a n d t h u s 

c o ol s t h e s u rf a c e d u ri n g g r o wi n g s e a s o n d a yti m e. I r ri g ati o n c a n al s o i n c r e a s e 

at m o s p h e ri c w at e r v a p o u r, l e a di n g t o c h a n g e s i n  cl o u d c o v e r o r l o c al a n d/ o r 

r e m ot e r ai nf all, w hil e f u rt h e r m o bili zi n g mi n e r al nit r o g e n a n d i n c r e a si n g c r o p 

p r o d u cti vit y a n d c a r b o n a s si mil ati o n.
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1961–2004, coincident with irrigation expansion69. This warming 
exceeds the daytime cooling effect of irrigation, resulting in overall net 
warming of regional mean surface temperatures during the dry season.

Nevertheless, observations of the impacts of irrigation on tem-
perature are complicated by historical agricultural intensification 
trends that have resulted in simultaneous physiological crop changes 
that impact crop water use and evapotranspiration91. Therefore, 
current understanding of irrigation–climate interactions is largely 
supplemented by the use of process-based models. Despite the key 
uncertainties in irrigation representation (Box 1), model experiments 
and diagnostics can improve understanding of which mechanisms 
(Fig. 3) dominate climate responses to irrigation.

Models confirm that irrigation has a cooling effect on daytime 
and growing season temperatures75,86 across many regions. Irrigation 
could therefore be a warranted inclusion as a historical climate forcing 
in coupled ESM experiments and intercomparisons14,92,93. Models can 
also elucidate other, even competing, effects of irrigation. For example, 
some models indicate that in the IGB, irrigation reduces low cloud frac-
tions and increases incident short-wave radiation resulting in enhanced 
net surface radiation74,75. Other model results show that irrigation 
increases daily night-time temperatures by increasing atmospheric 
water vapour and, thus, incident long-wave radiation70. In these experi-
ments, increased mean daily temperatures were observed across key 
irrigated regions, such as the northwestern IGB and California Central 
Valley, if and when the magnitude of night-time warming exceeded that 
of daytime cooling70. Regional climate model simulations of urban 
and peri-urban areas have also demonstrated that planting drought-
tolerant vegetation to reduce the need for irrigation could raise local 
temperatures in parts of Los Angeles94.

The overall (daytime) cooling effects resulting from extensive 
irrigation can also attenuate hot extremes and their trends64,86,95–100 
(Fig. 4e). The attenuation of hot temperature extremes has been 
observed over extensively irrigated areas such as Nebraska86 and 
across the IGB87,101. Reduced temperature extremes have also been 
simulated with climate model experiments64,96. Additionally, in the 
Mediterranean, irrigation attenuates both cold and hot extremes64, 
although the effects might be more impactful for hot extremes because 
more irrigation water is generally added during the warmest and 
driest months.

In contrast to attenuating heat extremes, irrigation can also 
exacerbate moist heat stress both over directly irrigated areas101,102 
and in adjacent, densely populated areas downstream of irrigated 
lands16. Observational analyses from the central-northern US Great 
Plains reveal that the expansion of irrigation from 1990 to 2014 led 
to increased evapotranspiration and atmospheric moisture content 
during the growing season, dew point temperature and surface moist 
enthalpy13,103,104. Across many irrigated areas, irrigation increases 
wet-bulb temperatures102 (that is, the lowest temperature to which 
an object can cool down through evaporative cooling). Observations 
show that the April–May Heat Index (a measure of stress resulting 
from combined heat and humidity) and wet-bulb temperatures over 

the IGB have increased steadily from 1979 to 2018, coinciding with the 
most extensively irrigated areas in South Asia101,105. Modelling results 
suggest that this moist heat stress increase over the IGB results from 
irrigation-induced increases in both regional specific and relative 
humidity, in addition to enhanced heat stress from climate change101. 
However, there is uncertainty in this result. Irrigation can also reduce 
monsoon moisture transport over the IGB75, which would reduce wet-
bulb temperatures102 despite increasing incident short-wave radia-
tion and elevating temperatures102. Furthermore, irrigation models 
constrained by the timing and amount of irrigation, which are derived 
from satellite vegetation indices, agricultural census data of irrigated 
areas and estimates of crop water requirements, suggest that irrigation 
might only have a small contribution to the rising moist heat extremes 
across the IGB, increasing relative humidity by only 2.5%43.

Impacts of irrigation on precipitation
The impact of irrigation on precipitation is more varied than surface 
temperature and is strongly dependent on prevailing atmospheric 
circulation processes and hydroclimate regime71. Regional modelling 
suggests that springtime precipitation in the North China Plain can 
increase as a result of boundary layer moistening from evaporative 
fluxes over irrigated areas106. A similar mechanism also causes increases 
in June–September and annual precipitation over irrigated areas across 
the northwestern IGB in global climate model simulations107, despite 
reduced monsoonal moisture transport. Furthermore, results from the 
Great Plains Irrigation Experiment (GRAINEX), which used surface and 
radiosonde data, show that increased latent heat flux owing to irrigation 
lowered the planetary boundary layer (that is, the tropospheric layer 
that is bound by the Earth’s surface), the lifting condensation level and 
level of free convection, thereby altering mesoscale circulation13,89.

However, irrigation’s impact on precipitation might extend 
beyond in-situ moisture recycling and irrigated areas alone. In many 
regions, irrigation could also impact remote or downstream pre-
cipitation through interactions with thermodynamic processes, 
such as altering heat and moisture gradients to incite secondary 
circulation and/or interact with larger atmospheric circulation and 
atmospheric wave activity. For example, in the central-northern 
Great Plains, including Nebraska, observed increases in precipita-
tion intensity downwind of irrigated areas during 1950–1980 might 
been caused by convective responses to altered mesoscale circulation 
induced by irrigation108. Between 1979 and 2015, precipitation over 
Nebraska decreased by 1 mm year–1 (ref. 109) whereas downwind pre-
cipitation increased by an average of 0.5 mm year–1. One explanation 
for this observation is that stable atmospheric conditions and sub-
sidence over irrigated areas, resulting from changed surface energy 
partitioning, create moisture and energy gradients directed towards 
neighbouring unirrigated areas. These gradients can drive remote 
moisture convergence and uplift15,108. Feature tracking algorithms 
reveal other possible mechanisms that could be responsible for the 
remote impacts of irrigation on precipitation from the Great Plains to 
the eastern United States. Namely, irrigation could induce mid-level 

Fig. 4 | Irrigation–climate impacts over North America. a, The difference 
in irrigation area between irrigated and co-located non-irrigated (<10% area 
irrigated) grids86. b, As in panel a, but the difference in June–August seasonal 
average surface soil moisture at depths to 5 mm during 2015–2017. c, As in panel a, 
but the difference in evapotranspiration during 2002–2017. d, As in panel a, but 
the difference in surface temperature during 2002–2017. e, The trend in 95th 

percentile of June–August maximum temperatures over 1910–2014 (ref. 79). 
See Supplementary Information for a detailed discussion and analysis of data 
product uncertainties. Irrigated grid cells mostly display an increase in soil 
moisture, enhanced evapotranspiration and a resultant cooling compared with 
co-located non-irrigated grid cells; in intensively cultivated agricultural areas of 
the Midwestern USA, irrigation also contributes to reductions in heat extremes.
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cyclonic circulation in the US Southeast that inhibits the eastward 
movement of mesoscale convective systems into the Mid-Atlantic 
region, but promotes locally produced mesoscale convection that 
increases precipitation70. Regardless of the mechanism, changes 
in convective precipitation caused by irrigation could redistribute 
regional streamflow and groundwater storage, thereby altering 
the regional water balance110,111.

Similar processes could also be at work in the East African Sahel, 
across areas surrounding the Gezira irrigation scheme and over Saudi 
Arabia112,113. Both observations and model simulations over Saudi Arabia 
point to reduced precipitation directly over irrigated lands within the 
Gezira scheme, whereas precipitation increases east of the scheme113. 
Furthermore, both regional and global climate models have found 
that the presence of intensive irrigation along the IGB reduces meridi-
onal thermal gradients and alters the distribution and transport of 
moist static energy in ways that reduce South Asian summer mon-
soon circulation strength and regional rainfall over large parts of the 
subcontinent75,114,115 and beyond76.

Irrigation can also impact precipitation extremes, although 
these impacts are difficult to observe and simulations are subject to 
model uncertainties and limitations in simulating convection and the 
resulting precipitation. However, regional climate modelling experi-
ments suggest that the propensity of irrigation to reduce rainfall and 
stabilize atmospheric conditions might have also exacerbated the high 
pressure anomalies of the La Niña-driven 2012 drought over the southern 
US Great Plains15. Enhanced atmospheric water vapour resulting from 
irrigation might also contribute to the increased precipitation intensity 
and extremes observed over northwestern South Asia116.

Impacts of irrigation on biogeochemical cycling
Land models and ESMs are also being used to explore the impact 
of irrigation on biospheric carbon and nitrogen cycling. The use of 
irrigation and application of nitrogen fertilizer have risen together, 
or co-intensified, throughout the latter part of the twentieth century. 
This co-intensification, and resulting water-meditated losses of 
nitrogen, is one of the reasons that nitrogen use efficiency has fallen 
to 42–46% over the same period alongside a tenfold increase in the 
export of nitrogen to waterways as mobile nitrate117,118. In some semi-
arid regions where irrigation increases without increasing nitrogen 
fertilizer application, there has been a threefold increase in nitrogen use 
efficiency119 due to increased nitrogen uptake by plants120. However, 
increasing both irrigation and nitrogen fertilizer together also increases 
yields, up to 40% for wheat, for example121.

Co-intensification of irrigation and fertilization can increase 
organic nitrogen stocks, nitrogen mineralization, infiltration, leach-
ing to groundwater and export to surface waters — especially in semi-
arid irrigation hot spots. Nitrogen loading to ground and surface 
waters in semi-arid regions is often decoupled in time from the grow-
ing season, as water fluxes larger than those associated with growing 
season irrigation events are required to move nitrogen (as nitrate 
or organic nitrogen) from soils to ground and surface waters. For 
this reason, measured nitrate fluxes to surface or groundwaters are 
higher than would be estimated based on the previous growing sea-
son alone because these fluxes include all previously stored excess or 
‘legacy’ nitrogen. For example in the Flumen River watershed in Spain, 
nitrate infiltration rates ranged from 100 to 250 kg N ha–1 year–1 on 
irrigated lands, which was less than the 600–1,400 N kg ha–1 year–1 of  
nitrate lost from the same lands to the river following the grow-
ing season122. This difference is because precipitation occurring 

outside the growing season mobilized legacy soil nitrogen to drive 
the higher lateral flows to adjacent surface waters, leading to a 
measured discharge rate of 600,000 kg N year–1 at the mouth of the  
Flumen River122.

Irrigation water sourced from groundwater and surface water 
also contains nitrogen that is not systematically factored into fertilizer 
application amounts, which can contribute to the overapplication 
of nitrogen fertilizer and increases in soil nitrogen mobilization and 
leaching. Irrigated regions such as California Central Valley now have 
a legacy of agriculturally derived nitrogen in groundwater, which must 
be accounted for to improve nitrogen efficiencies and reduce load-
ing84,85. Nearly 88% of groundwater nitrate originates from irrigated 
agricultural lands in California123,124. Of the 331–333 Gg N year–1 of nitrate 
that moves into California’s groundwater, 33 Gg N year–1 is extracted 
as irrigation and reapplied with additional nitrogen fertilizer124. The 
Irrigated Lands Regulatory Programme125 is an example of a new policy 
incentivizing growers to account for this nitrogen flux in their fertilizer 
applications.

Irrigation can also impact terrestrial carbon storage. Higher crop 
growth resulting partly from irrigation could enhance carbon seques-
tration at the watershed120 scale. In water-limited regions, irrigation 
can facilitate carbon sequestration by supporting microbial biomass 
through increased soil moisture and nitrogen120,126,127. For example, 
in the Upper Columbia-Priest Rapids, an important watershed in 
Washington state, irrigation decreased the net ecosystem exchange 
of carbon by 76 and 140 g C m–2 year–1 for soybean and maize, respec-
tively120. Similarly, in the Heihe River Basin, transitioning from rain-
fed to irrigated agriculture shifted the net ecosystem exchange from 
6 g C m–2 year–1 to –229 g C m–2 year–1 (ref. 17).

However, these soil carbon gains might not compensate for the 
increased emissions of greenhouse gases (such as CO2, CH4, N2O), 
particularly in rice-based systems. Alternate wetting and drying 
irrigation management, which is being increasingly promoted in rice 
cropping systems128, can increase autotrophic nitrification, hetero-
trophic denitrification and methanogenesis from anoxic portions of 
soil aggregates129. Continuous flood irrigation of rice paddies releases 
methane at a rate of 35–2,328 kg ha–1 year–1 (refs. 130,131), whereas inter-
mittent flood irrigation releases methane at –156 to 706 kg ha–1 year–1 
with the transition to intermittent flooding or alternate wetting and 
drying generally decreasing methane emissions132,133. Similarly, the 
emission of nitrous oxide to the atmosphere can range from –1 to 
15 kg ha–1 year–1 (refs. 134,135) in rice paddy systems, and transitions 
from continuous to intermittent flood irrigation produce unclear 
results129,134. Moreover, conversions from reductive flood irrigation 
conditions to more efficient micro-irrigation methods can decrease 
soil carbon pools129,136.

Furthermore, some irrigation practices (such as flood irrigation) 
might also induce soil erosion, redistributing sediment and soil carbon 
on land and/or to adjacent surface waters137. One model estimate sug-
gests that conversions from rainfed to irrigated agriculture in India 
and China could result in a 10% increase in erosion, although many 
uncertainties remain132. Alternative irrigation systems, such as broad 
bed and furrow approaches, could reduce soil erosion and carbon 
losses in semi-arid growing regions such as India133, partly owing to the 
differences in slope and infiltration rates of water into soil. However, 
conversions to more efficient irrigation systems could also partly 
facilitate irrigation expansion in these regions into areas with little 
ground cover and increased slopes, thus increasing soil erosion and 
carbon losses138.
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Future climate–irrigation interactions
Future climate changes have the potential to alter the way in which 
irrigation interacts with Earth systems. In tandem, irrigation demand is 
expected to increase owing to both climate change and ongoing secto-
ral development trends5,22, adding to the existing complex interactions. 
Current research on the impacts of future climate and socioeconomic 
trends on irrigation–Earth system interactions as well as potential 
irrigation scenarios is reviewed below.

The effect of anthropogenic warming on climate–irrigation 
interactions
Future changes in atmospheric CO2 concentration, temperature and 
precipitation will affect irrigation demand, thereby inciting additional 
interactions with the Earth system. The primary biophysical driver of 
irrigation demand is potential crop evapotranspiration. Under constant 
relative humidity, the atmospheric demand for evapotranspiration 
is expected to increase by approximately 6.8% per 1 °C of warming 
(following the Clausius–Clapeyron relation)139. Increased atmospheric 
CO2 concentrations (alongside rising temperatures) can facilitate 
stomatal closure and enhance photosynthetic efficiency in C3 crops, 
potentially decreasing water demand by reducing leaf-level transpira-
tion and improving water use efficiency62,140–142. Model intercomparison 
of crop responses to enhanced atmospheric CO2 concentrations sug-
gests possible mean increases in crop water productivity of ~10–27% 
(ref. 62).

However, the degree to which CO2-driven improvements in water 
use efficiencies might be offset by simultaneous increases in evapora-
tive demand and other plant physiological changes remains an active 
area of inquiry143–145. Crop yield could be largely constrained by the 
rise in vapour pressure deficit under current cropping conditions, 
potentially requiring substantial additional irrigation under future 
climates146. Rising temperature trends, particularly since the 1990s, 
are contributing to increased vapour pressure deficit over land and 
might be attenuating global greening trends driven partly by CO2 
fertilization147. The net impact of these interacting effects on drought 
frequency and severity is also a topic of ongoing debate148.

Future climate projections indicate that global terrestrial precipi-
tation might increase by 1–3% per 1 °C of warming by 2100 (ref. 149), 
but with large regional variations including increased precipitation in 
the tropics and mid and high latitudes, and decreased precipitation 
in the subtropics149. It is possible that increased precipitation could 
decrease irrigation demand in some areas; however, the changes in 
various components of the land water balance150 under higher tem-
peratures and evapotranspiration make it difficult to perform a simple 
assessment. Further, changes to temporal variability and precipitation 
intensity introduce additional uncertainties to predictions of future 
irrigation demand and water availability.

Soil moisture is a key variable that influences irrigation water 
demand and agricultural drought (that is, the local soil, surface and 
atmospheric moisture conditions that inhibit meeting crop water 
demand and result in adverse crop responses). However, hydrologi-
cal drought, in which surface and sub-surface water supplies are 
depleted owing to a lack of precipitation, and reductions in snowmelt 
and glacier-fed waters where relevant, will influence surface water and 
groundwater stores available for irrigation151,152. The risk of climate 
change-induced reductions to long-term irrigation water resources 
might be particularly acute in areas that are (increasingly) dependent 
on snowmelt and glacier outflows. For example, seasonal snowmelt 
provides an important fraction of the required soil moisture across 

growing regions in Germany and the United Kingdom, and snowmelt 
risks to irrigated agricultural supplies could increase from near zero to 
16% and 10% in Germany and the United Kingdom, respectively, under 
an increase of global temperatures of 2 °C (ref. 152). Furthermore, agri-
culture along the Indus River might increasingly rely on meltwater as 
climate change continues, particularly during planting periods in the 
pre-monsoon season in May and June151.

The extent to which irrigation might serve future climate adapta-
tion, by attenuating rising temperature trends over existing irrigated 
areas79 potentially through higher irrigation rates and/or increasing 
irrigation supplies and access (owing to expanded infrastructure) 
in previously rainfed areas to ameliorate the effects of heightened 
climate variability, is a subject of much interest14,93. Global climate 
model experiments extending model estimations of the present-day 
extent and application rates of irrigation to 2100 suggest reduced 
rates of warming and drying across many irrigated areas, includ-
ing Mexico, the Mediterranean, the western IGB, and northern and 
eastern China153. However, more rigorous evaluations that account 
for key model uncertainties and sensitivities (Box 1), and the use of 
multi-model approaches, can help better explore this question93.

Furthermore, irrigation modelling must also explicitly consider 
the impacts of extreme events and the feasibility and potential 
consequences of perpetually sustaining current irrigation rates, 
including accounting for climate change-driven limitations on water 
resources150, irrigation contributions to moist heat stress and unsus-
tainable water use101,153. Continued trends in irrigation expansion, 
such as increased water withdrawals and irrigation infrastructure, 
might reduce environmental flows, impacting downstream water 
availability and ecosystems154. Increased water withdrawals, both 
from surface and groundwater stores, could further exacerbate 
climate-driven reductions in water availability155, particularly under 
drought156.

The impact of changing water demands and climate on 
irrigation
Global demand for irrigation is expected to increase alongside climate 
change and sectoral development trends5, putting pressure on water 
supplies17. In tandem, climate change-induced changes to water stor-
age150 and hydrological cycling will further change the availability of 
water for irrigation22,157. Coupled model frameworks provide opportuni-
ties to explore how scenarios of future irrigation water demand could 
be constrained by both climate change impacts on water availability as 
well as co-evolving socioeconomic development, including food and 
energy transitions158. However, rigorous multi-model assessments of 
future irrigation water demand with biophysical constraints are still 
lacking.

Preliminary process-based estimates point to lower overall 
future irrigation water requirements under unabated climate change 
scenarios142 due to the interacting effects between shorter growing 
seasons (caused by hastened crop phenological development) and CO2 
effects on the efficiency of water use by crops, reducing water require-
ments in the absence of improved (that is, slower-maturing) cultivars. 
However, atmospheric water demand could increase across many grow-
ing regions leading to higher evapotranspiration. Future irrigation, 
including scheduling, techniques and amounts, will therefore depend 
on the interactions of simultaneous changes in both climate and human 
water pressures, which also extend beyond pure biophysical considera-
tions (Box 1). The water use outcomes of these coupled natural–human 
processes could modulate the various impacts of irrigation on the 
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climate and environment; therefore, it is worthwhile to integrate these 
processes in ESMs in some capacity7,158. For example, nested modelling 
approaches159 have been developed to integrate future climate projec-
tions with hydrological modelling, accounting for water infrastructure, 
resources and human decision-making with respect to irrigation water 
withdrawals. When tested in southeastern Australia, fossil fuel-driven 
climate scenarios coupled with high irrigation demand were shown to 
lead to water scarcity that is comparable with historically significant 
regional droughts22. Although these modelling approaches make it pos-
sible to explore future irrigation scenarios, it is crucial that irrigation 
modelling communities develop and employ a range of approaches 
to bracketing current model uncertainties and limitations (Box 1) to 
facilitate a useful integration of these coupled processes.

At the global scale, annual freshwater demand for irrigation is 
projected to stay at least at current levels, with ~545 km3 of irrigation 
water being sourced from groundwater1,51, which is likely to increase 
as the irrigated area expands157. It is also possible that, owing to sys-
temic uncertainties in population and development trends as well as 
in the assumptions of water availability, demand and use, model-based 
predictions underestimate the global irrigated area. One such model 
suggests that the global irrigated area will reach 240–450 Mha by 2050 
(ref. 157). Estimates of future irrigation demand based on population 
size rather than density that account for uncertainties in both irrigated 
area data aggregation and model parameters project ranges span-
ning 300–800 Mha (ref. 63). Even in some water-limited areas, across 
semi-arid Africa, total blue water consumption for irrigation (that is, 
water originating from surface and groundwater stores) is expected 
to increase by �20–130 Mha by 2050 according to some estimates157. 
However, intensifying irrigation application rates could be more lim-
ited in practice owing to the feasibility of infrastructural development, 
maintenance and region-specific increases in irrigation costs as water 
resources become scarcer160,161.

To capture some of the uncertainty across collective human 
decision-making on climate change mitigation and global develop-
ment, the climate community has developed and leveraged the shared 
socioeconomic pathways (SSPs)162. The SSPs constitute future sce-
narios by which the climate community can evaluate a range of climate 
impacts, and adaptation and mitigation options, ranging from high-
ambition greenhouse gas mitigation to strongly fossil fuel-oriented 
scenarios with varying levels of climate justice and equity. Land use 
trajectories that are consistent with these SSP scenarios are impor-
tant because they serve as inputs to ESMs and sectoral models that 
contributed to the Sixth Intergovernmental Panel on Climate Change 
(IPCC) Assessment Report163,164. These trajectories were developed by 
the Land Use Harmonization Project 2 (ref. 165), and were designed to 
continuously connect historical land use and management reconstruc-
tions, based on the History of the Global Environment database, with 
the various SSP future projections.

These land use trajectories include quarter-degree global grid-
ded maps of the area equipped for irrigation as it varies through time 
from 850 to 2100 (Fig. 5) that broadly capture historical irrigation 
expansion and future changes depending on the extent and intensifica-
tion of agricultural development165. Scenarios of equitable, enhanced 
global development still include agricultural intensification, and thus 
expanded irrigation (Fig. 5). Even decarbonization scenarios include 
increased biomass and bioenergy crop production, which might 
further increase irrigation water demand166,167. This demand could 
potentially induce local water stress in otherwise ambitious climate 
mitigation pathways. However, the production of crop bioenergy 

could be substantially limited by restricting water use to sustainable 
abstractions168 and, importantly, by the availability of non-renewable 
or limited water resources161,169.

Considerations for irrigation sustainability
The future availability of freshwater will pose a major constraint on 
future irrigation expansion and development, as will the sustainabil-
ity of existing irrigated agricultural systems, particularly those that 
are heavily reliant on groundwater such as in the IGB170,171 or Great 
Plains172,173. Sensitivity estimates from global gridded crop modelling 
experiments suggest that reductions in freshwater availability and/or  
access could cause 20–60 million irrigated hectares to revert to rainfed 
agriculture174, which could have a profound impact on entire crop-
ping systems. Although these potential changes have implications 
for future water supplies, these estimates do not directly incorpo-
rate irrigation–Earth system interactions and feedbacks or possible 
adaptive responses. What constitutes ‘sustainable’ irrigation can be 
debated, but there is broad agreement across the available literature 
that, at a minimum, sustainable water consumption should stay within 
local renewable water (surface and ground) availability and account 
for the freshwater flows and reservoirs needed to sustain natural 
ecosystems54,175.

The extent to which freshwater limitation will impact irrigation 
will depend on the availability of adequate environmental flows58, 
which have already been substantially reduced by current irrigation 
water use54, and the development of conservation-oriented water 
management approaches. Global crop model experiments have been 
used to evaluate ideal scenarios of ambitious changes to current irriga-
tion practices, including the widespread adoption of sprinkler or drip 
systems, rainwater harvesting and managed reductions in soil evapo-
ration. Such measures could restore river flows, which are needed to 
sustain key aquatic ecosystem services, while reducing consumptive 
losses and mitigating possible shortfalls in crop production54. Crop 
model sensitivity experiments that enhance crop water (irrigation) 
productivity also save water and close yield gaps in water-limited 
domains, thereby boosting global calorie production by more than 
26%, depending on the ambition of the water conservation measures 
deployed176 (Fig. 6a). Although there are still challenges for modelling 
present-day irrigation efficiencies, experiments such as these provide 
a scenario and/or limits approach to investigating sustainability in 
irrigated agriculture.

Work to explore the potential for improved irrigation management 
options could further be integrated with coupled ESMs to investigate 
the implications for feedbacks and interactions. For example, idealized 
irrigation–climate experiments across the IGB indicate that prescribed 
reductions in irrigation applications, potentially achieved through 
stronger water use regulations, can minimize irrigation-induced dis-
ruptions in regional precipitation116. Changes in management, however, 
occur both at the field level and also through institutional and public 
works measures, for example dams and reservoirs. Yet representations 
of the latter are largely still lacking in model frameworks121. Incorporat-
ing these elements into models could help better bracket uncertain-
ties and establish potentials for food production and water savings. 
For example, global experiments using a combined crop–water model 
have identified agricultural regions that could benefit from improved 
irrigation management strategies, including ‘soft measures’ that farm-
ers can take to conserve water at the field level as well as implicit repre-
sentations of large, centralized, capital-intensive irrigation projects and 
water storage infrastructure (for example, large reservoirs)175 (Fig. 6b). 
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M o d el r e s ult s s u g g e st t h at t h e s e i nf r a st r u ct u r e c h a n g e s c o ul d s u st ai n -

a bl y f e e d 1. 4  billi o n m o r e p e o pl e gl o b all y w hil e r et ai ni n g e n vi r o n m e nt al 
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Alt h o u g h i m p r o v e m e nt s i n i r ri g ati o n effi ci e n c y at t h e fi el d l e v el 
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t o t e st t h e w at e r- s a vi n g p ot e nti al of d ri p i r ri g ati o n i n s o ut h e r n I n di a 

s h o w e d t h at g ai n s i n effi ci e n c y mi g ht b e off s et b y c h a n g e s a n d e x p a n -

si o n of t h e c r o p pi n g s y st e m a n d f a r m e r s’ c r o p c h oi c e s 1 7 7. M o r e b r o a dl y, 

it h a s b e e n a r g u e d t h at o n-f a r m i n c r e a s e s i n i r ri g ati o n effi ci e n c y s h o ul d 

b e i m pl e m e nt e d al o n g si d e e n h a n c e d m et h o d s of w at e r u s e m e a s u r e -

m e nt a n d a c c o u nti n g a s w ell a s r e g ul at o r y m e a s u r e s ai m e d at a s s e s si n g 

t h e b e st u s e of w at e r c o n si d e ri n g t h e c h a n gi n g e n vi r o n m e nt al c o n di -

ti o n s a n d c o n s e r vi n g w a t e r r e s o u r c e s o v e r all 1 7 8 ,1 7 9. Al t h o u g h t h e s e 

a r e n e e d e d d e v el o p m e nt s i n i r ri g ati o n r e s e a r c h, it i s al s o i m p o r t a nt 

t o a c k n o wl e d g e t h e c o m pl e xit y of i r ri g ati o n d e ci si o n- m a ki n g, w hi c h 

o c c u r s o n diff e r e nt s p ati al a n d t e m p o r al s c al e s a n d wit h a wi d e v a ri et y 

of k n o wl e d g e f r a m e w o r k s 1 7 9.

Ulti m at el y, t h e r ul e s i n pl a c e f o r u s e, s h a ri n g, m ai nt e n a n c e a n d 

c o nfli c t r e s ol uti o n al o n g a w at e r c o u r s e s h a p e w hi c h u s e r s r e c ei v e 

e n o u g h w at e r, w h at c r o p s a r e pl a nt e d o r w h et h e r a n yt hi n g i s pl a nt e d at 

all 1 8 0,1 8 1. At l a r g e r s c al e s, t h e c a p a cit y t o m e a s u r e w at e r fl o w s a n d a s si g n 

ri g ht s t o w at e r a c c e s s s h a p e s t h e p ot e nti al f o r w at e r t r a di n g al o n g 

a n d a c r o s s i r ri g ati o n c h a n n el s 1 8 2 ,1 8 3. F u r t h e r m o r e, i n c r e a si n g d e m a n d 

f r o m n o n- a g ri c ult u r al s e ct o r s c a n c h all e n g e t h e a s s u m e d l a r g e w at e r 

all o c ati o n a s si g n e d t o a g ri c ult u r e a n d e n g e n d e r m o r e i nt e r- s e ct o r al 

c o m p e ti ti o n a s r e s o u r c e s fl o w t o t h e a p pli c a ti o n wi t h t h e hi g h e st 

e c o n o mi c v al u e 1 8 4. F o r e x a m pl e, i n c r e a s e d i r ri g ati o n d e m a n d, p a rtl y t o 

s u p p o r t t h e g r o w t h of n o n- n ati v e v e g et ati o n, a c c o u nt s f o r 4 0 – 7 0 % of 

w at e r c o n s u m pti o n i n a ri d a n d s e mi- a ri d citi e s, d e p e n di n g o n cli m at e, 

p ri ci n g a n d s o ci o d e m o g r a p hi c f a ct o r s 1 8 5.

S u m m a r y a n d f ut u r e p e r s p e cti v e s
I r ri g ati o n r e s e a r c h h a s e x p a n d e d s u b st a nti all y si n c e t h e e a rl y 2 0 0 0 s, 

r e s ulti n g i n i n c r e a s e d a m o u nt s of r e gi o n al d at a, u p d at e s t o gl o b al i r ri -

g at e d a r e a m a p s a n d t h e i m pl e m e nt ati o n of i r ri g ati o n i n p r o c e s s- b a s e d 

s e ct o r al m o d el s (f o r e x a m pl e, m o d el s of a g ri c ult u r e a n d w at e r) a n d 

c o u pl e d E S M s. C oll e cti v el y, t h e s e d at a a n d m o d el a n al y s e s r e v e al t h at 

i r ri g ati o n h a s i m p o r t a nt i nt e r a cti o n s wit h E a r t h s y st e m c o m p o n e nt s 

a n d p r o c e s s e s, w hi c h m u st b e f u r t h e r e x pl o r e d a n d b r a c k et e d i n t h e 

c o nt e xt of m o d el u n c e rt ai nti e s ( B o x  1 ). I n p a rti c ul a r, i r ri g ati o n i m p a ct s 

cli m at e p r o c e s s e s b y alt e ri n g s u rf a c e e n e r g y a n d m oi st u r e b al a n c e s, 

e x c h a n g e s wit h t h e at m o s p h e r e a n d bi o g e o c h e mi c al c y cli n g. T h e s e 

i r ri g ati o n – E a r t h s y st e m i nt e r a cti o n s h a v e i m pli c ati o n s f o r a r a n g e of 

e c o s y st e m s e r vi c e s, s u c h a s c r o p p r o d u cti o n, c a r b o n s e q u e st r ati o n o n 

a g ri c ult u r al l a n d s, w at e r a v ail a bilit y a n d e v e n h u m a n h e alt h 8 3 .

N e v e r t h el e s s, r e s e a r c h i n q ui ri e s i nt o t h e i m p a c t s of i r ri g ati o n 

o n t h e E a r t h s y st e m a r e still n a s c e nt. C o nti n ui n g r e s e a r c h r e q ui r e s 

i m p r o v e m e nt s a c r o s s d at a p r o d u c t s, t o ol s a n d a p p r o a c h e s, a s w ell 

a s a c o n si d e r e d a n d d eli b e r at e a p p r o a c h t o u n d e r st a n di n g t h ei r m y r -

i a d u n c e r t ai nti e s1 5 7,1 8 6  ( B o x 1 ). C o n si d e r ati o n s of t h e s e u n c e r t ai nti e s 

s h o ul d e xt e n d b e y o n d e n h a n ci n g m o d el a c c u r a c y o r r e ali s m t o i n cl u d e 

c riti c al di s c u s si o n s o n h o w m o d el s a r e d e v el o p e d a n d b y w h o m, w h at 

bi a s e s o r a s s u m pti o n s a r e i n h e r e nt t o t hi s p r o c e s s a n d t h ei r ulti m at e 

a d e q u a c y f o r p r o bl e m s ol vi n g a n d t r a n s p a r e n c y t o p o t e n ti al e n d 

u s e r s 1 8 7. T o a c hi e v e t hi s g o al, c o o r di n at e d, i nt e r di s ci pli n a r y e n g a g e-

m e nt will b e c r u ci al t o i d e ntif y p r o bl e m ati c a s s u m pti o n s, s o u r c e s of 

u n c e rt ai nt y, r e s e a r c h li mit ati o n s a n d n e e d s, a n d ulti m at el y d efi n e a n d 

a d d r e s s t h e e m e r gi n g q u e sti o n s o n t h e i m p a c t s of i r ri g ati o n o n t h e 

cli m at e, e c o s y st e m s a n d p u bli c h e alt h. F u rt h e r m o r e, i nt e r di s ci pli n a r y 

e n g a g e m e nt c o m bi n e d wit h s y st e m ati c u n c e r t ai nt y a s s e s s m e nt a n d 

s e n siti vit y t e sti n g a r e al s o c r u ci al f o r t h e r e s ult s of i r ri g ati o n m o d el -

li n g t o b e r el e v a nt f o r p ot e nti al p oli c y a p pli c ati o n s: c u r r e nt li mit ati o n s 

c o ul d p r e cl u d e r e s p o n si bl e p oli c y r e c o m m e n d ati o n s b a s e d o n m o d el 

o ut p ut s 1 8 6.

W e t h e r ef o r e r e c o m m e n d t h at eff o rt s t o b ett e r l o c at e a n d q u a ntif y 

u n c e rt ai nt y a c r o s s d at a a n d m o d elli n g eff o rt s ( B o x 1 ) s h o ul d b e a p ri o r-

it y f o r n e a r-f ut u r e, c r o s s- di s ci pli n a r y i r ri g ati o n r e s e a r c h. A n i m p o rt a nt 

r e s e a r c h t a s k i s t o e n g a g e t h e r el e v a nt bi o p h y si c al m o d elli n g a n d d at a 

c o m m u ni ti e s t o b e t t e r a s s e s s c o m m o n a n d u ni q u e u n c e r t ai n ti e s, 

st r e n gt h s a n d li mit ati o n s i n si m ul ati n g i r ri g ati o n w at e r a v ail a bilit y a n d 

d e m a n d i n t h e c o nt e xt of m y ri a d i r ri g ati o n – cli m at e i nt e r a c ti o n s 1 8 8. 

S o m e e xi s ti n g f r a m e w o r k s off e r b e s t p r a c ti c e s t o s y s t e m a ti c all y 

e v al u at e m o d el u n c e r t ai nti e s, c o n d u c t s e n siti vit y t e st s a n d i nf o r m 

p e e r- r e vi e w g ui d eli n e s f o r st r u ct u r al m o d el e v al u ati o n 1 8 8. T h e s e p r a c-

ti c e s i n cl u d e e n g a gi n g i n wi d el y p r a cti s e d M o nt e C a rl o a p p r o a c h e s t o 

a s s e s s p a r a m et ri c u n c e rt ai nti e s a n d al s o m o vi n g b e y o n d o n e- at- a-ti m e 

s e n siti vit y t e sti n g t o m o r e c o m p r e h e n si v el y i n v e sti g at e i nt e r a cti o n s 

b et w e e n m ulti pl e, si m ult a n e o u sl y c h a n gi n g p a r a m et e r s.

a   C h a n g e i n i r ri g at e d a r e a ( S S P 5 – 8. 5 t o S S P 1 – 2. 6)

b   C h a n g e i n i r ri g at e d a r e a ( S S P 5 – 8. 5 t o S S P 2 – 4. 5)

C h a n g e i n irri g at e d ar e a fr a cti o n

0. 60. 50. 40. 30. 20.1– 0.1– 0. 2– 0. 3– 0. 4– 0. 5– 0. 6 0

Fi g. 5 | P r oj e c t e d c h a n g e s i n i r ri g a t e d a r e a.  a , T h e diff e r e n c e b et w e e n p r e di ct e d 

i r ri g at e d a r e a f r a cti o n2 0 9  b y 2 1 0 0 f r o m S S P 5 – 8. 5 (f o s sil f u el- d ri v e n d e v el o p m e nt 

s c e n a ri o) a n d S S P 1 – 2. 6 ( a m biti o u s cli m at e c h a n g e miti g ati o n s c e n a ri o). b , A s i n 

p a n el a , b ut t h e diff e r e n c e b et w e e n S S P 5 – 8. 5 a n d S S P 2 – 4. 5 ( a n i nt e r m e di at e 

‘ mi d dl e of t h e r o a d’ cli m at e c h a n g e miti g ati o n p at h w a y). I r ri g at e d a r e a s e x p a n d 

m o st i n t h e f o s sil f u el- d ri v e n s c e n a ri o a c r o s s b ot h Af ri c a a n d S o ut h A m e ri c a, 

alt h o u g h i n ot h e r p a rt s of t h e w o rl d, s u c h a s s o ut h e r n N o rt h A m e ri c a a n d S o ut h 

A si a (i n t h e c a s e of S S P 1 – 2. 6), t h e hi g h e r- a m biti o n miti g ati o n s c e n a ri o s s h o w 

m o r e i r ri g ati o n e x p a n si o n, r el at e d i n p a rt t o c h a n g e s i n c r o p pi n g p att e r n s a n d 

e x p a n di n g i r ri g ati o n i nf r a st r u ct u r e. S S P, s h a r e d s o ci o e c o n o mi c p at h w a y.
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A s s e s si n g p a r a m et ri c u n c e r t ai nt y, w hi c h will i n c r e a s e a s p r o c e s s-

b a s e d m o d el s i n c o r p o r at e m o r e r e ali s m a n d c o m pl e xit y 1 8 9,1 9 0, i s p a r-

ti c ul a rl y i m p o r t a nt 1 8 9,1 9 0  a n d n e w a p p r o a c h e s t o d o s o a r e e m e r gi n g. 

F o r e x a m pl e, i m p r o v e m e nt s i n c o m p ut ati o n al c a p a citi e s i n c r e a si n gl y 

all o w f o r ‘ p e r t u r b e d p a r a m et e r e n s e m bl e s’ t h at c o m bi n e p a r a m et e r 

s e n siti vit y si m ul ati o n s t h at u s e p r o c e s s- b a s e d m o d el s wit h e v al u a -

ti o n m et ri c s t o d et e r mi n e k e y p a r a m et e r s u b s et s 1 8 9. I m p o r t a ntl y, t hi s 

p r o c e s s r e q ui r e s t h a t m o d ell e r s i d e n tif y a n d d o c u m e n t all m o d el 

p a r a m et e r s, o p e ni n g o p p o r t u niti e s t o i nt e r r o g at e t h e s e v al u e s a n d 

t h ei r pl a u si bl e r a n g e s. I d e n tifi e d p a r a m e t e r s c a n b e c ali b r a t e d t o 

o b s e r v ati o n s u si n g m a c hi n e l e a r ni n g a p p r o a c h e s, w h e r e p o s si bl e, 

a n d c o ul d al s o b e u s e d a s p a r a m et e r s i n effi ci e nt offli n e e m ul ati o n 1 8 9. 

T h e d e v el o p m e nt of e v al u ati o n m et ri c s f o r i r ri g ati o n m o d elli n g w o ul d 

b e n efit f r o m st r u ct u r e d c r o s s- di s ci pli n a r y di s c u s si o n s f o r e x a m pl e, 

i n cl u di n g t h o s e i n v ol v e d i n r e s e a r c h a n d p r a cti c e. I n a d diti o n, a s s e s s-

m e nt s of i r ri g ati o n m o d el s’ s e n siti vit y t o i n p ut s, s u c h a s i r ri g at e d a r e a 

m a p s a n d c r o p pi n g s y st e m r e p r e s e nt ati o n, a r e al s o c riti c al a n d w o ul d 

b e n efit f r o m s y st e m ati c p r ot o c ol s i n c o o r di n at e d r e s e a r c h i niti ati v e s 

(f o r e x a m pl e, m o d el i nt e r c o m p a ri s o n s) o n i r ri g ati o n – E a r t h s y st e m 

i nt e r a cti o n s. T o a p pl y t h e s e m o d el s t o d e ci si o n- m a ki n g, u si n g e x p e r t 

j u d g e m e nt t o d e v el o p c o n st r ai nt s a n d/ o r c o- d e v el o pi n g m o d el s wit h 

i r ri g ati o n d e ci si o n- m a k e r s c a n h el p e st a bli s h u n d e r st a n di n g a n d b uil d 

c o nfi d e n c e a r o u n d s e ct o r al i m p a ct m o d elli n g.

T h e si mil a rit y b et w e e n m o d el s, w hi c h a ri s e s f r o m c o m m o n d e v el -

o p m e nt hi st o r y, u s e r o r i n stit uti o n al m o d el att a c h m e nt a n d r a pi dl y 

ri si n g p r o c e s s c o m pl e xit y ( a m o n g ot h e r t hi n g s), c a n r e d u c e u n d e r -

st a n di n g of m o d el s a n d/ o r t h ei r a d e q u a c y f o r c e rt ai n q u e sti o n s ( B o x  1 ). 

O n e r e s p o n s e t o t h e s e c o n c e r n s c o ul d e nt ail e m pl o yi n g m o d ul a r m o d el 

f r a m e w o r k s, w h e r e b y k e y m o d el p r o c e s s e s a r e r e p r e s e nt e d i n v a ri -

o u s w a y s t h at c a n b e effi ci e ntl y i nt e r c h a n g e d a n d i nt e r c o m p a r e d 1 9 0. 

T h e r ef o r e, m o d ul a rit y c o ul d e n a bl e a wi d e s et of c oll a b o r at o r s t o e a sil y 

c o nt ri b ut e t o m o d el d e v el o p m e nt a n d utiliti e s, t h e r e b y e x p a n di n g t h e 

t y p e s of r e s e a r c h q u e sti o n s t o w hi c h m o d el s a r e a p pli e d 1 9 1. A d diti o n-

all y, m o d ul a rit y e n a bl e s e x p e ri m e nt s t o v a r y o v e r t h e c o m pl e xit y of 

diff e r e nt p r o c e s s r e p r e s e nt ati o n s a s w ell a s d e v el o p m e nt e pi st e m ol o -

gi e s. T hi s c a p a cit y all o w s t h e b r o a d e r i r ri g ati o n r e s e a r c h c o m m u nit y 

t o b ett e r e v al u at e d e v el o p m e nt c h oi c e s, m o d el s e n siti vit y a n d p r o c e s s 

a d diti vit y w h e n t a c kli n g k e y r e s e a r c h q u e sti o n s 1 9 0.

Al o n g si d e m o d ul a ri t y, i t i s al s o w o r t h c o n si d e ri n g h o w hi g h-

r e s ol uti o n m o d elli n g c a n b e u s e d t o r e s ol v e l a n d s c a p e h et e r o g e n eit y 

(i n cl u di n g w at e r m a n a g e m e nt st r u ct u r e s), r e p r e s e nt l o c al h y d r ol o gi c al 

p r o c e s s e s, l o c at e s o u r c e s of u n c e r t ai nt y a n d a c hi e v e t a r g et e d E a r t h 

s y st e m s e n siti vit y t e sti n g i n i r ri g ati o n m o d elli n g 1 9 2 ,1 9 3. P ri o r w o r k h a s 

d e m o n st r at e d t h at a c c o u nti n g f o r s u b g ri d- s c al e h et e r o g e n eit y i n E S M s 

of l a n d – at m o s p h e r e fl u x e s, s u rf a c e e n e r g y b al a n c e 1 9 4 a n d e v e n d a m s 

a n d r e s e r v oi r s 1 2 ,1 9 5  s u b st a nti all y alt e r s k e y cli m at e v a ri a bl e s, w hi c h 

i nfl u e n c e s t h e i m p a ct s of i r ri g ati o n o n t h e cli m at e a n d e n vi r o n m e nt 

at t h e l a n d s c a p e s c al e.

F u r t h e r m o r e, a d v a n c e d u n c e r t ai nt y e v al u ati o n a n d s e n siti vit y 

t e sti n g f r a m e w o r k s c o ul d al s o b e u s ef ull y i nt e g r at e d i nt o n e w p r o -

t o c ol s f o r m o d el i nt e r c o m p a ri s o n s of i r ri g ati o n – E a r t h s y st e m i nt e r -

a c ti o n s. F o r e x a m pl e, t h e e x p e ri m e nt al p r ot o c ol s of t h e I R Ri g ati o n 

i m p a c t s M o d el I n t e r c o m p a ri s o n P r oj e c t (I R R MI P) c o o r di n a t e t h e 

si m ul ati o n of hi st o ri c al, ti m e- v a r yi n g i r ri g ati o n i m p a ct s o n t h e cli m at e 

s y st e m. Wit h m ulti pl e E S M s p a r ti ci p ati n g, t h e a nti ci p at e d r e s ult s will 

h el p r o b u stl y i d e ntif y t h e eff e ct s of hi st o ri c al i r ri g ati o n e x p a n si o n o n 

t h e n e a r- s u rf a c e cli m at e, t h e c a r b o n c y cl e a n d t e r r e st ri al h y d r ol o g y. 

I R R MI P, a n d ot h e r p ot e nti al m o d el i nt e r c o m p a ri s o n p r oj e ct s, p r o vi d e 

l a r g e d at a s et s t h at e n a bl e r o b u st st ati sti c al r e s ult s t o b e o bt ai n e d 

p a r ti c ul a rl y f o r cli m at e e xt r e m e s a n d c o m p o u n d e xt r e m e s, s u c h a s 

t h o s e i m p a cti n g h e at st r e s s. I r ri g ati o n i nt e r c o m p a ri s o n p r ot o c ol s al s o 

e xi st f o r t h e Gl o b al G ri d d e d C r o p M o d elli n g I nt e r c o m p a ri s o n ( G G C MI) 

p r oj e ct, w hi c h w a s d e v el o p e d f o r a s u b s et of h y b ri d c r o p – h y d r ol o gi c al  

m o d el s. T h e s e p r ot o c ol s c a n g e n e r at e m ulti- m o d el e sti m at e s of s u rf a c e 

a   Gl o b al c r o p p r o d u cti o n p ot e nti al b   I r ri g ati o n s uit a bl e l a n d u n d e r 3 ° C w a r mi n g

0 5 1 0 1 5 2 0 2 5 3 0
k c al pr o d u cti o n c h a n g e ( %)

3 5 4 0 4 5 5 0 5 5 >

N ot s uit a bl e f or s u st ai n a bl e irri g ati o n e x p a n si o n

S uit a bl e f or irri g ati o n e x p a n si o n wit h s m all m o nt hl y st or a g e
— s oft- p at h a p pr o a c h
Irri g ati o n e x p a n si o n wit h s m all m o nt hl y st or a g e a n d 2 0 % d e i cit irri g ati o n
Irri g ati o n e x p a n si o n wit h l ar g e a n n u al st or a g e — h ar d- p at h a p pr o a c h

Pri m aril y r ai n-f e d
C urr e ntl y irri g at e d cr o pl a n d s

Fi g. 6 | P o t e n ti al f o r s u s t ai n a bl e i r ri g a ti o n.  a , T h e p ot e nti al i n c r e a s e i n gl o b al 

c r o p p r o d u cti o n ( a n d t h e r ef o r e i n c r e a s e i n c al o ri e s p r o d u c e d) t h at c o ul d b e 

a c hi e v e d t h r o u g h ri g o r o u s i m pl e m e nt ati o n of i m p r o v e d o n-fi el d c r o p w at e r 

m a n a g e m e nt. T hi s s c e n a ri o i n cl u d e s t h e u s e of p r a cti c e s s u c h a s i r ri g ati o n 

t r a n siti o n s, m ul c hi n g, c o n s e r v ati o n till a g e a n d i r ri g ati o n e x p a n si o n b a s e d o n 

f r e e d- u p w at e r wit h d r a w al s. G r e y a r e a s d e n ot e u ni r ri g at e d a n d/ o r u n c ulti v at e d 

l a n d s c a p e s. b , Gl o b al di st ri b uti o n of a r e a s t h at c o ul d b e c o m e s uit a bl e f o r 

i r ri g ati o n e x p a n si o n u n d e r 3  ° C w a r mi n g b a s e d o n E a rt h s y st e m m o d el f ut u r e 

p r oj e cti o n s. C ol o u r s i n di c at e t h e t y p e of e x p a n si o n t h at c o ul d b e a c hi e v e d. 

I r ri g at e d l a n d s c o ul d b e e x p a n d e d i n t h e f ut u r e a n d u n d e r c h a n gi n g cli m at e 

c o n diti o n s u si n g v a ri o u s a p p r o a c h e s, alt h o u g h r e al- w o rl d s o ci al, e c o n o mi c a n d 

p oliti c al c o n diti o n s c o ul d i nt r o d u c e c o n st r ai nt s o n r e ali z e d e x p a n si o n. P a rt a  

i s r e p ri nt e d f r o m r ef. 1 7 6 ,  C C B Y 4. 0 (htt p s:// c r e ati v e c o m m o n s. o r g /li c e n s e s/

b y/ 4. 0/ ). P a rt b  i s r e p ri nt e d wit h p e r mi s si o n f r o m r ef. 1 7 5 ,  P N A S.
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water availability for irrigation that are then used as inputs for the 
remaining GGCMI crop models that cannot represent river routing. 
The Land Use Model Intercomparison Project (LUMIP)92, an endorsed 
satellite model intercomparison project in the Sixth Coupled Model 
Intercomparison Project, also specified irrigation-specific protocols 
for land surface model experiments.

Combined with systematic uncertainty and sensitivity assessment, 
process-based model intercomparison projects that include irriga-
tion, alongside empirical modelling of irrigation impacts on the Earth 
system, can also help identify irrigation impacts that are robust and 
important for attributing observations of regional climate change196,197. 
Current climate attribution work depends on model simulations with 
combined and individual anthropogenic forcings, such as greenhouse 
gasses, aerosols and changes in land use or cover. The latter, however, 
does not often include irrigation, which could partly contribute to 
inconsistencies between simulated and observed changes65 and limit 
understanding of regional climate change93.

Lastly, beyond modelling, expanded regional field campaigns 
such as GRAINEX13 and Land Surface Interactions with the Atmosphere 
over the Iberian Semi-Arid Environment (LIAISE)198 across global irri-
gated areas will help the wider community better understand variation 
in irrigation–climate interactions. Long-term networked monitoring of 
irrigation–climate interactions across irrigated areas, in the vein of the 
USDA long-term agricultural research sites, would also be beneficial 
to observational capacities and inform the modelling community. 
Satellite-based data products such as ECOSTRESS (ECOsystem Spa-
ceborne Thermal Radiometer Experiment on Space Station)199, NISAR 
(NASA-ISRO Synthetic Aperture Radar), ROSE-L (Radar Observing Sys-
tem for Europe L-band), the Copernicus LSTM (Land Surface Tempera-
ture Monitoring) mission and the European Space Agency’s Irrigation+ 
provide opportunities to further improve and refine methods for irriga-
tion data retrieval at high spatio-temporal resolution. These efforts will 
advance irrigation mapping, seasonal irrigation detection and even the 
quantification of applied irrigation water amounts from space. Further-
more, coordinated biophysical irrigation research should also integrate 
community-developed methods to evaluate the impacts of irrigation 
on land–atmosphere coupling and soil moisture88,200. Ultimately, the 
outcomes produced by cross-disciplinary irrigation research efforts will 
help better match evolving model capacities with appropriate research 
questions, particularly those associated with understanding the current 
and future impacts of irrigation on the Earth system.

Published online: xx xx xxxx

References
1.	 Qin, Y. et al. Flexibility and intensity of global water use. Nat. Sustain 2, 515–523 

(2019).
2.	 Brauman, K. A., Richter, B. D., Postel, S., Malsy, M. & Flörke, M. Water depletion: 

an improved metric for incorporating seasonal and dry-year water scarcity into water 
risk assessments. Elementa 4, 1–12 (2016).

3.	 Campbell, B. M. et al. Agriculture production as a major driver of the Earth system 
exceeding planetary boundaries. Ecol. Soc. 22, art8 (2017).

4.	 Siebert, S. & Döll, P. Quantifying blue and green virtual water contents in global crop 
production as well as potential production losses without irrigation. J. Hydrol. 384, 
198–217 (2010).

5.	 WWAP. Leaving No One Behind: The United Nations World Water Development Report 
2019 (Unesco, 2019); https://unesdoc.unesco.org/ark:/48223/pf0000367306.

6.	 Jägermeyr, J. Agriculture’s historic twin-challenge toward sustainable water use and food 
supply for all. Front. Sustain. Food. Syst. 4, 35 (2020).

7.	 Erb, K. H. et al. Land management: data availability and process understanding for global 
change studies. Glob. Chang. Biol. 23, 512–533 (2017).

8.	 Pongratz, J. et al. Models meet data: challenges and opportunities in implementing land 
management in Earth system models. Glob. Chang. Biol. https://doi.org/10.1111/gcb.13988 
(2017).

9.	 Thomas, B. F. & Famiglietti, J. S. Identifying climate-induced groundwater depletion in 
GRACE observations. Sci. Rep. 9, 4124 (2019).

10.	 Kniffin, M., Bradbury, K. R., Fienen, M. & Genskow, K. Groundwater model simulations 
of stakeholder-identified scenarios in a high-conflict irrigated area. Groundwater 58, 
973–986 (2020).

11.	 Pokhrel, Y. N., Hanasaki, N., Wada, Y. & Kim, H. Recent progresses in incorporating human 
land–water management into global land surface models toward their integration into 
Earth system models. WIREs Water 3, 548–574 (2016).

12.	 Vanderkelen, I. et al. Simulating the impact of global reservoir expansion on the 
present-day climate. J. Geophys. Res. Atmos. 126, 1–18 (2021).

13.	 Rappin, E. D., Mahmood, R., Nair, U. S. & Pielke, R. A. Land–atmosphere interactions 
during GRAINEX: planetary boundary layer evolution in the presence of irrigation. 
J. Hydrometeorol. 23, 1401–1417 (2022).

14.	 Cook, B. I., Shukla, S. P., Puma, M. J. & Nazarenko, L. S. Irrigation as an historical climate 
forcing. Clim. Dyn. 44, 1715–1730 (2015).

15.	 Pei, L. et al. Effects of irrigation on summer precipitation over the United States. J. Clim. 
29, 3541–3558 (2016).

16.	 Guo, Q., Zhou, X., Satoh, Y. & Oki, T. Irrigated cropland expansion exacerbates the urban 
moist heat stress in northern India. Environ. Res. Lett. 17, 054013 (2022).

17.	 Yang, S. et al. How does irrigation alter the water, carbon, and nitrogen budgets in a large 
endorheic river basin? J. Hydrol. 613, 128317 (2022).

18.	 Wada, Y. et al. Modeling global water use for the 21st century: the water futures and 
solutions (WFaS) initiative and its approaches. Geosci. Model Dev. 9, 175–222 (2016).

19.	 Rosa, L., Chiarelli, D. D., Rulli, M. C., Dell’Angelo, J. & D’Odorico, P. Global agricultural 
economic water scarcity. Sci. Adv. 6, 1–11 (2020).

20.	 Hanasaki, N. et al. A global water scarcity assessment under shared socio-economic 
pathways — Part 1: Water use. Hydrol. Earth Syst. Sci. 17, 2393–2413 (2013).

21.	 Hanasaki, N. et al. A global water scarcity assessment under shared socio-economic 
pathways — Part 2: Water availability and scarcity. Hydrol. Earth Syst. Sci. 17, 2375–2391 
(2013).

22.	 Mehran, A. et al. Compounding impacts of human-induced water stress and climate 
change on water availability. Sci. Rep. 7, 1–9 (2017).

23.	 Siebert, S. et al. A global data set of the extent of irrigated land from 1900 to 2005. 
Hydrol. Earth Syst. Sci. 19, 1521–1545 (2015).

24.	 Dieter, C. A. et al. Water Availability and Use Science Program Estimated Use of Water in 
the United States in 2015 (Gelogical Survey, 2018).

25.	 Sun, S. et al. Domestic groundwater depletion supports China’s full supply chains. 
Water Resour. Res. 58, 1–16 (2022).

26.	 Chen, Y. et al. Detecting irrigation extent, frequency, and timing in a heterogeneous 
arid agricultural region using MODIS time series, Landsat imagery, and ancillary data. 
Remote Sens. Environ. 204, 197–211 (2018).

27.	 Dari, J. et al. Exploiting high-resolution remote sensing soil moisture to estimate irrigation 
water amounts over a Mediterranean region. Remote Sens. 12, 1–22 (2020).

28.	 Dari, J. et al. Double-scale analysis on the detectability of irrigation signals from remote 
sensing soil moisture over an area with complex topography in central Italy. Adv. Water 
Resour. 161, 104130 (2022).

29.	 Brombacher, J., Silva, I. R., de, O., Degen, J. & Pelgrum, H. A novel evapotranspiration 
based irrigation quantification method using the hydrological similar pixels algorithm. 
Agric. Water Manag. 267, 107602 (2022).

30.	 Zappa, L. et al. Detection and quantification of irrigation water amounts at 500 m using 
sentinel-1 surface soil moisture. Remote Sens. 13, 1727 (2021).

31.	 Massari, C. et al. A review of irrigation information retrievals from space and their utility 
for users. Remote Sens. 13, 4112 (2021).

32.	 Jalilvand, E., Abolafia-Rosenzweig, R., Tajrishy, M. & Das, N. Evaluation of SMAP/Sentinel 1 
high-resolution soil moisture data to detect irrigation over agricultural domain. IEEE J. 
Sel. Top. Appl. Earth Obs. Remote Sens. 14, 10733–10747 (2021).

33.	 Deines, J. M. et al. Mapping three decades of annual irrigation across the US High 
Plains Aquifer using Landsat and Google Earth Engine. Remote Sens. Environ. 233, 1–18 
(2019).

34.	 Ambika, A. K., Wardlow, B. & Mishra, V. Remotely sensed high resolution irrigated area 
mapping in India for 2000 to 2015. Sci. Data 3, 1–14 (2016).

35.	 Zappa, L. et al. How accurately can we retrieve irrigation timing and water amounts from 
(satellite) soil moisture? Int. J. Appl. Earth Obs. Geoinf. 113, 102979 (2022).

36.	 Le Page, M. et al. Potential for the detection of irrigation events on maize plots using 
Sentinel-1 soil moisture products. Remote Sens. 12, 1621 (2020).

37.	 Coleman, R. W., Stavros, N., Hulley, G. & Parazoo, N. Comparison of thermal infrared-
derived maps of irrigated and non-irrigated vegetation in urban and non-urban areas 
of southern California. Remote Sens. 12, 1–19 (2020).

38.	 Lawston, P. M., Santanello, J. A., Franz, T. E. & Rodell, M. Assessment of irrigation physics 
in a land surface modeling framework using non-traditional and human-practice 
datasets. Hydrol. Earth Syst. Sci. 21, 2953–2966 (2017).

39.	 Brocca, L. et al. How much water is used for irrigation? A new approach exploiting coarse 
resolution satellite soil moisture products. Int. J. Appl. Earth Obs. Geoinf. 73, 752–766 
(2018).

40.	 Modanesi, S. et al. Challenges and benefits of quantifying irrigation through the 
assimilation of Sentinel-1 backscatter observations into Noah-MP. Hydrol. Earth Syst. Sci. 
26, 4685–4706 (2022).

41.	 Girotto, M. et al. Benefits and pitfalls of GRACE data assimilation: a case study of 
terrestrial water storage depletion in India. Geophys. Res. Lett. 44, 4107–4115 (2017).

https://ltar.ars.usda.gov/data/data-dashboards/
https://unesdoc.unesco.org/ark:/48223/pf0000367306
https://doi.org/10.1111/gcb.13988


Nature Reviews Earth & Environment

Review article

42.	 Meier, J., Zabel, F. & Mauser, W. A global approach to estimate irrigated areas — a 
comparison between different data and statistics. Hydrol. Earth Syst. Sci. 22, 1119–1133 
(2018).

43.	 Jha, R., Mondal, A., Devanand, A., Roxy, M. K. & Ghosh, S. Limited influence of 
irrigation on pre-monsoon heat stress in the Indo-Gangetic Plain. Nat. Commun. 13, 1–10 
(2022).

44.	 McCarthy, B. et al. Trends in water use, energy consumption, and carbon emissions from 
irrigation: role of shifting technologies and energy sources. Environ. Sci. Technol. 54, 
15329–15337 (2020).

45.	 McDermid, S. S., Mearns, L. O. & Ruane, A. C. Representing agriculture in Earth system 
models: approaches and priorities for development. J. Adv. Model Earth Syst. 9, 
2230–2265 (2017).

46.	 Yao, Y. et al. Implementation and evaluation of irrigation techniques in the community 
land model. J. Adv. Model Earth Syst. https://doi.org/10.1029/2022MS003074 (2022).

47.	 Jägermeyr, J. et al. Water savings potentials of irrigation systems: global simulation 
of processes and linkages. Hydrol. Earth Syst. Sci. 19, 3073–3091 (2015).

48.	 Alexandratos, N. & Bruinsma, J. World agriculture towards 2030/2050: the 2012 revision. 
Food and Agricultural Organization of the United Nations www.fao.org/economic/esa 
(FAO, 2012).

49.	 Felfelani, F., Pokhrel, Y., Guan, K. & Lawrence, D. M. Utilizing SMAP soil moisture data to 
constrain irrigation in the community land model. Geophys. Res. Lett. 45, 12,892–12,902 
(2018).

50.	 Zhou, T. et al. Global irrigation characteristics and effects simulated by fully coupled land 
surface, river, and water management models in E3SM. J. Adv. Model Earth Syst. 12, 1–18 
(2020).

51.	 Vahmani, P. & Hogue, T. S. Incorporating an urban irrigation module into the Noah land 
surface model coupled with an urban canopy model. J. Hydrometeorol. 15, 1440–1456 
(2014).

52.	 Müller Schmied, H. et al. The global water resources and use model WaterGAP v2.2d: 
model description and evaluation. Geosci. Model. Dev. 14, 1037–1079 (2021).

53.	 Leng, G., Leung, L. R. & Huang, M. Significant impacts of irrigation water sources and 
methods on modeling irrigation effects in the ACME land model. J. Adv. Model Earth Syst. 
9, 1665–1683 (2017).

54.	 Jägermeyr, J., Pastor, A., Biemans, H. & Gerten, D. Reconciling irrigated food 
production with environmental flows for sustainable development goals 
implementation. Nat. Commun. 8, 1–9 (2017).

55.	 Pokhrel, Y. N. et al. Incorporation of groundwater pumping in a global land surface 
model with the representation of human impacts. Water Resour. Res. 51, 78–96 (2015).

56.	 Gleeson, T. et al. The water planetary boundary: interrogation and revision. One Earth 2, 
223–234 (2020).

57.	 Grogan, D. S., Wisser, D., Prusevich, A., Lammers, R. B. & Frolking, S. The use and re-use 
of unsustainable groundwater for irrigation: a global budget. Environ.Res. Lett. 12, 1–11 
(2017).

58.	 de Graaf, I. E. M., Gleeson, T., (Rens) van Beek, L. P. H., Sutanudjaja, E. H. & Bierkens, M. F. P. 
Environmental flow limits to global groundwater pumping. Nature 574, 90–94 (2019).

59.	 Peng, B. et al. Improving maize growth processes in the community land model: 
implementation and evaluation. Agric. For. Meteorol. 250–251, 64–89 (2018).

60.	 Nazemi, A. & Wheater, H. S. On inclusion of water resource management in Earth system 
models — part 2: representation of water supply and allocation and opportunities for 
improved modeling. Hydrol. Earth Syst. Sci. 19, 63–90 (2015).

61.	 Nazemi, A. & Wheater, H. S. On inclusion of water resource management in Earth system 
models — part 1: problem definition and representation of water demand. Hydrol. Earth 
Syst. Sci. 19, 33–61 (2015).

62.	 Toreti, A. et al. Narrowing uncertainties in the effects of elevated CO2 on crops. Nat. Food 
1, 775–782 (2020).

63.	 Elliott, J. et al. The Global Gridded Crop Model Intercomparison: data and modeling 
protocols for phase 1 (v1.0). Geosci. Model Dev. 8, 261–277 (2015).

64.	 Thiery, W. et al. Present-day irrigation mitigates heat extremes. J. Geophys. Res. Atmos. 
122, 1403–1422 (2017).

65.	 van Oldenborgh, G. J. et al. Pathways and pitfalls in extreme event attribution. Clim. Change 
166, 1–27 (2021).

66.	 Wang, F., Polcher, J., Peylin, P. & Bastrikov, V. Assimilation of river discharge in a land 
surface model to improve estimates of the continental water cycles. Hydrol. Earth 
Syst. Sci. 22, 3863–3882 (2018).

67.	 Druel, A., Munier, S., Mucia, A., Albergel, C. & Calvet, J.C. Implementation of a new crop 
phenology and irrigation scheme in the ISBA land surface model using SURFEX_v8. 1. 
Geosci. Model Dev. 15, 8453–8471 (2022).

68.	 Seneviratne, S. I. et al. Investigating soil moisture-climate interactions in a changing 
climate: a review. Earth Sci. Rev. 99, 125–161 (2010).

69.	 Chen, X. & Jeong, S. J. Irrigation enhances local warming with greater nocturnal warming 
effects than daytime cooling effects. Environ. Res. Lett. 13, 24005 (2018).

70.	 Li, H., Lo, M.-H., Ryu, D., Peel, M. & Zhang, Y. Possible increase of air temperature by 
irrigation. Geophys. Res. Lett. 49, e2022GL100427 (2022).

71.	 Koster, R. D. et al. Regions of strong coupling between soil moisture and precipitation. 
Science 305, 1138–1140 (2004).

72.	 Yang, Z. et al. Impact of irrigation over the California Central Valley on regional climate. 
J. Hydrometeorol. 18, 1341–1357 (2017).

73.	 van der Ent, R. J. & Savenije, H. H. G. Length and time scales of atmospheric moisture 
recycling. Atmos. Chem. Phys. 11, 1853–1863 (2011).

74.	 Chou, C., Ryu, D., Lo, M.-H., Wey, H.-W. & Malano, H. M. Irrigation-induced land–atmosphere 
feedbacks and their impacts on Indian summer monsoon. J Clim 31, 8785–8801 (2018).

75.	 Singh, D. et al. Distinct influences of land cover and land management on seasonal 
climate. J. Geophys. Res. Atmos. 123, 12,017–12,039 (2018).

76.	 de Vrese, P., Hagemann, S. & Claussen, M. Asian irrigation, african rain: remote impacts 
of irrigation. Geophys. Res. Lett. 43, 1–9 (2016).

77.	 Wada, Y. et al. Fate of water pumped from underground and contributions to sea-level 
rise. Nat. Clim. Change 6, 777–780 (2016).

78.	 Wang, X. et al. Global irrigation contribution to wheat and maize yield. Nat. Commun. 12, 
1–8 (2021).

79.	 Mueller, N. D. et al. Cooling of US Midwest summer temperature extremes from cropland 
intensification. Nat. Clim. Chang. 6, 317–322 (2016).

80.	 Yang, Y., Tilman, D., Lehman, C. & Trost, J. J. Sustainable intensification of high-diversity 
biomass production for optimal biofuel benefits. Nat. Sustain. 1, 686–692 (2018).

81.	 Yuan, S. et al. Sustainable intensification for a larger global rice bowl. Nat. Commun. 12, 
1–11 (2021).

82.	 Mathewson, P. D., Evans, S., Byrnes, T., Joos, A. & Naidenko, O. V. Health and economic 
impact of nitrate pollution in drinking water: a Wisconsin case study. Environ. Monit. Assess. 
192, 1–18 (2020).

83.	 McDermid, S.S., Mahmood, R., Hayes, M. J., Bell, J. E. & Lieberman, Z. Minimizing  
trade-offs for sustainable irrigation. Nat. Geosci. 14, 706–709 (2021).

84.	 Harter, T., Castaldo, G., Visser, A. & Fogg, G. E. Effect of groundwater age and recharge 
source on nitrate concentrations in domestic wells in the San Joaquin valley. Environ. Sci. 
Technol. 55, 2265–2275 (2021).

85.	 Levy, Z. F. et al. Critical aquifer overdraft accelerates degradation of groundwater quality 
in California’s Central Valley during drought. Geophys. Res. Lett. 48, e2021GL094398 
(2021).

86.	 Chen, L. & Dirmeyer, P. A. Global observed and modelled impacts of irrigation on surface 
temperature. Int. J. Climatol. 39, 2587–2600 (2019).

87.	 Ambika, A. K. & Mishra, V. Observational evidence of irrigation influence on vegetation 
health and land surface temperature in India. Geophys. Res. Lett. 46, 13441–13451 (2019).

88.	 Rappin, E. et al. The Great Plains Irrigation Experiment (GRAINEX). Bull. Am. Meteorol. 
Soc. 102, E1756–E1785 (2021).

89.	 Phillips, C. E., Nair, U. S., Mahmood, R., Rappin, E. & Pielke, R. A. Influence of irrigation 
on diurnal mesoscale circulations: results from GRAINEX. Geophys. Res. Lett. 49, 
e2021GL096822 (2022).

90.	 Nocco, M. A., Smail, R. A. & Kucharik, C. J. Observation of irrigation�induced climate 
change in the Midwest United States. Glob. Chang. Biol. 25, 3472–3484 (2019).

91.	 Mueller, N. D. et al. Global relationships between cropland intensification and summer 
temperature extremes over the last 50 years. J. Clim. 30, 7505–7528 (2017).

92.	 Lawrence, D. M. et al. The Land Use Model Intercomparison Project (LUMIP) contribution 
to CMIP6: rationale and experimental design. Geosci. Model Dev. 9, 2973–2998 (2016).

93.	 Al-Yaari, A., Ducharne, A., Thiery, W., Cheruy, F. & Lawrence, D. The role of irrigation 
expansion on historical climate change: insights from CMIP6. Earths Future 10, 
e2022EF002859 (2022).

94.	 Vahmani, P. & Ban-Weiss, G. Climatic consequences of adopting drought-tolerant 
vegetation over Los Angeles as a response to California drought. Geophys. Res. Lett. 43, 
8240–8249 (2016).

95.	 Mueller, N. D. et al. Global relationships between cropland intensification and summer 
temperature extremes over the last 50 years. https://doi.org/10.1175/JCLI-D-17-0096.1 
(2017).

96.	 Thiery, W. et al. Warming of hot extremes alleviated by expanding irrigation. Nat. Commun. 
11, 1–7 (2020).

97.	 Lawston, P. M., Santanello, J. A., Hanson, B. & Arsensault, K. Impacts of irrigation on 
summertime temperatures in the Pacific Northwest. Earth Interact. 24, 1–26 (2020).

98.	 Lu, Y. & Kueppers, L. Increased heat waves with loss of irrigation in the United States. 
Environ. Res. Lett. 10, 064010 (2015).

99.	 Gormley-Gallagher, A. M. et al. Agricultural management effects on mean and extreme 
temperature trends. Earth Syst. Dyn. 13, 419–438 (2022).

100.	 Hauser, M., Thiery, W. & Seneviratne, S. I. Potential of global land water recycling to 
mitigate local temperature extremes. Earth Syst. Dyn. 10, 157–169 (2019).

101.	 Mishra, V. et al. Moist heat stress extremes in India enhanced by irrigation. Nat. Geosci. 
13, 722–728 (2020).

102.	 Krakauer, N. Y., Cook, B. I. & Puma, M. J. Effect of irrigation on humid heat extremes. 
Environ. Res. Lett. 15, 1–12 (2020).

103.	 Szilagyi, J. Anthropogenic hydrological cycle disturbance at a regional scale: state-wide 
evapotranspiration trends (1979–2015) across Nebraska, USA. J. Hydrol. 557, 600–612 
(2018).

104.	 Zhang, T., Mahmood, R., Lin, X. & Pielke, R. A. Irrigation impacts on minimum and 
maximum surface moist enthalpy in the Central Great Plains of the USA. Weather Clim. 
Extrem. 23, 100197 (2019).

105.	 Im, E. S., Pal, J. S. & Eltahir, E. A. B. Deadly heat waves projected in the densely populated 
agricultural regions of South Asia. Sci. Adv. 3, 1–7 (2017).

106.	 Wu, L., Feng, J. & Miao, W. Simulating the impacts of irrigation and dynamic vegetation 
over the North China plain on regional climate. J. Geophys. Res. Atmos. 123, 8017–8034 
(2018).

107.	 Hirsch, A. L., Wilhelm, M., Davin, E. L., Thiery, W. & Seneviratne, S. I. Can climate-effective 
land management reduce regional warming? J. Geophys. Res. Atmos. 122, 2269–2288 
(2017).

https://doi.org/10.1029/2022MS003074
http://www.fao.org/economic/esa
https://doi.org/10.1175/JCLI-D-17-0096.1


Nature Reviews Earth & Environment

Review article

108.	 Alter, R. E. et al. Observational evidence that great plains irrigation has enhanced summer 
precipitation intensity and totals in the Midwestern United States. J. Hydrometeorol. 16, 
1717–1735 (2015).

109.	 Szilagyi, J. & Franz, T. E. Anthropogenic hydrometeorological changes at a regional scale: 
observed irrigation–precipitation feedback (1979–2015) in Nebraska, USA. Sustain. Water 
Resour. Manag. 6, 1–10 (2020).

110.	 Kustu, M. D., Fan, Y. & Robock, A. Large-scale water cycle perturbation due to irrigation 
pumping in the US High Plains: a synthesis of observed streamflow changes. J. Hydrol. 
390, 222–244 (2010).

111.	 Kustu, M. D., Fan, Y. & Rodell, M. Possible link between irrigation in the U.S. High Plains 
and increased summer streamflow in the Midwest. Water Resour. Res. 47, 1–21 (2011).

112.	 Lo, M. H. et al. Intense agricultural irrigation induced contrasting precipitation changes 
in Saudi Arabia. Environ. Res. Lett. 16, 064049 (2021).

113.	 Alter, R. E., Im, E. S. & Eltahir, E. A. B. Rainfall consistently enhanced around the Gezira 
Scheme in East Africa due to irrigation. Nat. Geosci. 8, 763–767 (2015).

114.	 Shah, H. L., Zhou, T., Huang, M. & Mishra, V. Strong influence of irrigation on water 
budget and land surface temperature in Indian subcontinental river basins. J. Geophys. 
Res. Atmos. 124, 1449–1462 (2019).

115.	 Mathur, R. & AchutaRao, K. A modelling exploration of the sensitivity of the India’s climate 
to irrigation. Clim. Dyn. 54, 1851–1872 (2019).

116.	 Devanand, A., Huang, M., Ashfaq, M., Barik, B. & Ghosh, S. Choice of irrigation water 
management practice affects Indian summer monsoon rainfall and its extremes. 
Geophys. Res. Lett. 46, 9126–9135 (2019).

117.	 Zhang, X. et al. Managing nitrogen for sustainable development. Nature 528, 51–59 (2015).
118.	 Houlton, B. Z. et al. A world of cobenefits: solving the global nitrogen challenge. 

Earths Future 7, 865–872 (2019).
119.	 Ryan, J., Ibrikci, H., Sommer, R. & McNeill, A. Chapter 2 Nitrogen in rainfed and irrigated 

cropping systems in the Mediterranean region. Adv. Agronomy 104, 53–136 (2009).
120.	 Zhu, B. et al. Effects of irrigation on water, carbon, and nitrogen budgets in a semiarid 

watershed in the Pacific Northwest: a modeling study. J. Adv. Model Earth Syst. 12, 1–20 
(2020).

121.	 Li, Z. et al. Optimizing wheat yield, water, and nitrogen use efficiency with water and 
nitrogen inputs in China: a synthesis and life cycle assessment. Front. Plant Sci. 13, 1982 
(2022).

122.	 Sorando, R., Comín, F. A., Jiménez, J. J., Sánchez-Pérez, J. M. & Sauvage, S. Water 
resources and nitrate discharges in relation to agricultural land uses in an intensively 
irrigated watershed. Sci. Total Environ. 659, 1293–1306 (2019).

123.	 Tomich, T. P., Brodt, S. B., Dahlgren, R. A. & Scow, K. M. The California nitrogen 
assessment: challenges and solutions for people, agriculture, and the environment. 
JSTOR http://www.jstor.org/stable/10.1525/j.ctv1xxz7x (2016).

124.	 Harter, T. et al. Addressing Nitrate in California’s Drinking Water with a Focus on Tulare 
Lake Basin and Salinas Valley Groundwater (Center for Watershed Sciences, 2017); 
https://ucanr.edu/sites/groundwaternitrate/files/138956.pdf.

125.	 Hopmans, J. W. Transdisciplinary soil hydrology. Vadose Zone J. 19, 1–8 (2020).
126.	 Tautges, N. E. et al. Deep soil inventories reveal that impacts of cover crops and compost 

on soil carbon sequestration differ in surface and subsurface soils. Glob. Chang. Biol. 25, 
3753–3766 (2019).

127.	 McGill, B. M., Hamilton, S. K., Millar, N. & Robertson, G. P. The greenhouse gas cost of 
agricultural intensification with groundwater irrigation in a Midwest U.S. row cropping 
system. Glob. Chang. Biol. 24, 5948–5960 (2018).

128.	 Carrijo, D. R., Lundy, M. E. & Linquist, B. A. Rice yields and water use under alternate 
wetting and drying irrigation: a meta-analysis. Field Crops Res. 203, 173–180 (2017).

129.	 Sapkota, A., Haghverdi, A., Avila, C. C. E. & Ying, S. C. Irrigation and greenhouse gas 
emissions: a review of field-based studies. Soil Syst. 4, 1–21 (2020).

130.	 Kumar, A., Nayak, A. K., Mohanty, S. & Das, B. S. Greenhouse gas emission from direct 
seeded paddy fields under different soil water potentials in eastern India. Agric. Ecosyst. 
Environ. 228, 111–123 (2016).

131.	 Berger, S., Jang, I., Seo, J., Kang, H. & Gebauer, G. A record of N2O and CH4 emissions 
and underlying soil processes of Korean rice paddies as affected by different water 
management practices. Biogeochemistry 115, 317–332 (2013).

132.	 Tan, Z., Leung, L. R., Li, H. Y. & Cohen, S. Representing global soil erosion and sediment 
flux in earth system models. J. Adv. Model Earth Syst. 14, e2021MS002756 (2022).

133.	 Bhattacharyya, R. et al. Soil degradation in India: challenges and potential solutions. 
Sustainability 7, 3528–3570 (2015).

134.	 Maris, S. C., Teira-Esmatges, M. R. & Català, M. M. Influence of irrigation frequency 
on greenhouse gases emission from a paddy soil. Paddy Water Environ. 14, 199–210 
(2016).

135.	 Fangueiro, D. et al. Effect of tillage and water management on GHG emissions from 
Mediterranean rice growing ecosystems. Atmos. Environ. 150, 303–312 (2017).

136.	 Schmidt, J. E., Peterson, C., Wang, D., Scow, K. M. & Gaudin, A. C. M. Agroecosystem 
tradeoffs associated with conversion to subsurface drip irrigation in organic systems. 
Agric. Water Manag. 202, 1–8 (2018).

137.	 Sojka, R. E., Bjorneberg, D. L. & Strelkoff, T. S. in Irrigation of Agricultural Crops Vol. 30 
(eds Lascano, R. J. & Sojka, R. E.) Ch. 8237–8275 (Wiley, 2015).

138.	 Cerdà, A. et al. Long-term monitoring of soil bulk density and erosion rates in two 
Prunus Persica (L) plantations under flood irrigation and glyphosate herbicide treatment 
in La Ribera district, Spain. J. Environ. Manage. 282, 1–10 (2021).

139.	 Roderick, M. L., Greve, P. & Farquhar, G. D. On the assessment of aridity with changes 
in atmospheric CO2. Water Resour. Res. 51, 5450–5463 (2015).

140.	 Milly, P. C. D. & Dunne, K. A. Potential evapotranspiration and continental drying. 
Nat. Clim. Chang. 6, 946–949 (2016).

141.	 Yang, Y., Roderick, M. L., Zhang, S., McVicar, T. R. & Donohue, R. J. Hydrologic implications 
of vegetation response to elevated CO2 in climate projections. Nat. Clim. Chang. 9, 
44–48 (2019).

142.	 Jägermeyr, J. et al. Climate impacts on global agriculture emerge earlier in new 
generation of climate and crop models. Nat. Food 2, 873–885 (2021).

143.	 Gray, S. B. et al. Intensifying drought eliminates the expected benefits of elevated carbon 
dioxide for soybean. Nat. Plants 2016 2:9 2, 1–8 (2016).

144.	 Singh, A., Kumar, S., Akula, S., Lawrence, D. M. & Lombardozzi, D. L. Plant growth nullifies 
the effect of increased water-use efficiency on streamflow under elevated CO2 in the 
Southeastern United States. Geophys. Res. Lett. 47, e2019GL086940 (2020).

145.	 Vahmani, P., Jones, A. D. & Li, D. Will anthropogenic warming increase evapotranspiration? 
Examining irrigation water demand implications of climate change in California. Earths 
Future 10, e2021EF002221 (2022).

146.	 DeLucia, E. H. et al. Are we approaching a water ceiling to maize yields in the United 
States? Ecosphere 10, e02773 (2019).

147.	 Yuan, W. et al. Increased atmospheric vapor pressure deficit reduces global vegetation 
growth. Sci. Adv. 5, 1–12 (2019).

148.	 Swann, A. L. S. Plants and drought in a changing climate. Curr. Clim. Change Rep. 4, 
192–201 (2018).

149.	 Krinner, G. et al. Long-term climate change: projections, commitments and irreversibility. 
in Climate Change 2013 — The Physical Science Basis: Working Group I Contribution 
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 
(eds Stocker, T. F. et al) (Cambridge University Press, 2013); https://www.ipcc.ch/site/
assets/uploads/2018/02/WG1AR5_Chapter12_FINAL.pdf.

150.	 Pokhrel, Y. et al. Global terrestrial water storage and drought severity under climate 
change. Nat. Clim. Chang. 11, 226–233 (2021).

151.	 Lutz, A. F. et al. South Asian agriculture increasingly dependent on meltwater and 
groundwater. Nat. Clim. Chang. 12, 566–573 (2022).

152.	 Qin, Y. et al. Snowmelt risk telecouplings for irrigated agriculture. Nat. Clim. Chang. 12, 
1007–1015 (2022).

153.	 Cook, B. I. et al. Divergent regional climate consequences of maintaining current 
irrigation rates in the 21st century. J. Geophys. Res. Atmos. 125, e2019JD031814 (2020).

154.	 Gudmundsson, L. et al. Globally observed trends in mean and extreme river flow attributed 
to climate change. Science 371, 1159–1162 (2021).

155.	 Wu, W. Y. et al. Divergent effects of climate change on future groundwater availability 
in key mid-latitude aquifers. Nat. Commun. 11, 1–9 (2020).

156.	 Leng, G., Huang, M., Tang, Q. & Leung, L. R. A modeling study of irrigation effects on 
global surface water and groundwater resources under a changing climate. J. Adv. Model 
Earth Syst. 7, 1285–1304 (2015).

157.	 Puy, A., Lo Piano, S. & Saltelli, A. Current models underestimate future irrigated areas. 
Geophys. Res. Lett. 47, 1–10 (2020).

158.	 Calvin, K. & Bond-Lamberty, B. Integrated human-earth system modeling — state of the 
science and future directions. Environ. Res. Lett. 13, 1–15 (2018).

159.	 Yokohata, T. et al. MIROC-INTEG1: a global bio-geochemical land surface model with 
human water management, crop growth, and land-use change. Geosci. Model Dev. 
Discussions https://doi.org/10.5194/gmd-2019-184 (2019).

160.	 Bhattarai, N. et al. The impact of groundwater depletion on agricultural production in 
India. Environ. Res. Lett. 16, 085003 (2021).

161.	 Wada, Y. & Bierkens, M. F. P. Sustainability of global water use: past reconstruction and 
future projections. Enviro. Res. Lett. 9, 1–18 (2014).

162.	 Riahi, K. et al. The shared socioeconomic pathways and their energy, land use, and 
greenhouse gas emissions implications: an overview. Global Environ. Change 42, 
153–168 (2017).

163.	 H.-O. Pörtner et al. Climate Change 2022: Impacts, Adaptation and Vulnerability Working 
Group II Contribution to the Sixth Assessment Report of the Intergovernmental Panel 
on Climate Change. IPCC https://www.ipcc.ch/report/ar6/wg2/downloads/report/
IPCC_AR6_WGII_FullReport.pdf (2022).

164.	 Masson-Delmotte, V. et al. IPCC, 2021: Summary for Policymakers in Climate Change 
2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment 
Report of the Intergovernmental Panel on Climate Change (Cambridge Univ. Press, 2021).

165.	 Hurtt, G. C. et al. Harmonization of land-use scenarios for the period 1500–2100: 
600 years of global gridded annual land-use transitions, wood harvest, and resulting 
secondary lands. Clim. Change 109, 117–161 (2011).

166.	 Hejazi, M. I. et al. 21st century United States emissions mitigation could increase water 
stress more than the climate change it is mitigating. Proc. Natl Acad. Sci. USA 112, 
10635–10640 (2015).

167.	 Stenzel, F. et al. Irrigation of biomass plantations may globally increase water stress 
more than climate change. Nat. Commun. 12, 1–9 (2021).

168.	 Ai, Z., Hanasaki, N., Heck, V., Hasegawa, T. & Fujimori, S. Global bioenergy with carbon 
capture and storage potential is largely constrained by sustainable irrigation. Nat. Sustain. 
4, 884–891 (2021).

169.	 Stenzel, F., Gerten, D. & Hanasaki, N. Global scenarios of irrigation water use for bioenergy 
production: a systematic review. Hydrol. Earth Syst. Sci. 25, 1711–1726 (2020).

170.	 Dangar, S., Asoka, A. & Mishra, V. Causes and implications of groundwater depletion in 
India: a review. J. Hydrol. 596, 126103 (2021).

171.	 Jain, M. et al. Groundwater depletion will reduce cropping intensity in India. Sci. Adv. 7, 
1–9 (2021).

http://www.jstor.org/stable/10.1525/j.ctv1xxz7x
https://ucanr.edu/sites/groundwaternitrate/files/138956.pdf
https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5_Chapter12_FINAL.pdf
https://www.ipcc.ch/site/assets/uploads/2018/02/WG1AR5_Chapter12_FINAL.pdf
https://doi.org/10.5194/gmd-2019-184
https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_FullReport.pdf
https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_FullReport.pdf


Nature Reviews Earth & Environment

Review article

172.	 Nie, W. et al. Groundwater withdrawals under drought: reconciling GRACE and 
land surface models in the United States High Plains Aquifer. Water Resour. Res. 54, 
5282–5299 (2018).

173.	 Mrad, A. et al. Peak grain forecasts for the US High Plains amid withering waters. 
Proc. Natl Acad. Sci. USA 117, 26145–26150 (2020).

174.	 Elliott, J. et al. Constraints and potentials of future irrigation water availability on 
agricultural production under climate change. Proc. Natl Acad. Sci. USA 111, 3239–3244 
(2014).

175.	 Rosa, L. et al. Potential for sustainable irrigation expansion in a 3 °C warmer climate. 
Proc. Natl Acad. Sci. USA 117, 29526–29534 (2020).

176.	 Jägermeyr, J. et al. Integrated crop water management might sustainably halve the 
global food gap. Environ. Res. Lett. 11, 025002 (2016).

177.	 Fishman, R., Gine, X. & Jacoby, H. G. Efficient Irrigation and Water Conservation 
(World Bank, 2021); https://openknowledge.worldbank.org/server/api/core/bitstreams/ 
212e6512-5070-53d2-b620-3623778a4f83/content.

178.	 Grafton, R. Q. et al. The paradox of irrigation efficiency. Science 361, 748–750 (2018).
179.	 Lankford, B. et al. A scale-based framework to understand the promises, pitfalls and 

paradoxes of irrigation efficiency to meet major water challenges. Global Environ. Change 
65, 1–24 (2020).

180.	 Kuil, L., Evans, T., McCord, P. F., Salinas, J. L. & Blöschl, G. Exploring the influence 
of smallholders’ perceptions regarding water availability on crop choice and water 
allocation through socio-hydrological modeling. Water Resour. Res. 54, 2580–2604 
(2018).

181.	 Thapa, B. & Rahman, T. Multi-level determinants of crop choice to water stress in 
smallholder irrigation system of Central Nepal. Clim. Dev. 13, 1–13 (2020).

182.	 Crase, L., Pagan, P. & Dollery, B. Water markets as a vehicle for reforming water resource 
allocation in the Murray-Darling Basin of Australia. Water Resour. Res. 40, 8–13 (2004).

183.	 Al-Rubaye, S. Agricultural irrigation pricing: review of theories and practices. 
Irrig. Drainage 68, 129–139 (2019).

184.	 Marston, L. & Cai, X. An overview of water reallocation and the barriers to its 
implementation. Wiley Interdiscipl. Rev. Water 3, 658–677 (2016).

185.	 Hogue, T. S. & Pincetl, S. Are you watering your lawn? Science 348, 1319–1320 (2015).
186.	 Puy, A. et al. The delusive accuracy of global irrigation water withdrawal estimates. 

Nat. Commun. 13, 1–4 (2022).
187.	 Saltelli, A. et al. Five ways to ensure that models serve society: a manifesto. Nature 582, 

482–484 (2020).
188.	 Azzini, I., Listorti, G., Mara, T. A. & Rosati, R. Uncertainty and sensitivity analysis for policy 

decision making An introductory guide (European Commission, 2020); https://doi.org/ 
10.2760/922129.

189.	 Dagon, K., Sanderson, B. M., Fisher, R. A. & Lawrence, D. M. A machine learning approach 
to emulation and biophysical parameter estimation with the Community Land Model, 
version 5. Adv. Stat. Climatol. Meteorol. Oceanogr. 6, 223–244 (2020).

190.	 Fisher, R. A. & Koven, C. D. Perspectives on the future of land surface models and the 
challenges of representing complex terrestrial systems. J. Adv. Model. Earth Syst. https://
doi.org/10.1029/2018MS001453 (2020).

191.	 Addor, N. & Melsen, L. A. Legacy, rather than adequacy, drives the selection of 
hydrological models. Water Resour Res 55, 378–390 (2019).

192.	 Guillaumot, L. et al. Coupling a large-scale hydrological model (CWatM v1.1) with a high-
resolution groundwater flow model (MODFLOW 6) to assess the impact of irrigation at 
regional scale. Geosci. Model Dev. 15, 7099–7120 (2022).

193.	 Hanasaki, N. et al. Toward hyper-resolution global hydrological models including human 
activities: application to Kyushu island, Japan. Hydrol. Earth Syst. Sci. 26, 1953–1975 
(2022).

194.	 Huang, M. et al. Representing surface heterogeneity in land–atmosphere coupling in 
E3SMv1 single-column model over ARM SGP during summertime. Geosci. Model Dev. 15, 
6371–6384 (2022).

195.	 Sadki, M., Munier, S., Boone, A. & Ricci, S. Implementation and sensitivity analysis of the 
Dam-Reservoir OPeration model (DROP v1.0) over Spain. Geosci. Model Dev. 16, 427–448 
(2023).

196.	 Chen, C., Wang, L., Myneni, R. B. & Li, D. Attribution of land-use/land-cover change 
induced surface temperature anomaly: how accurate is the first-order Taylor Series 
expansion? J. Geophys. Res. Biogeosci. 125, e2020JG005787 (2020).

197.	 Swain, D. L., Singh, D., Touma, D. & Diffenbaugh, N. S. Attributing extreme events to 
climate change: a new frontier in a warming world. One Earth 2, 522–527 (2020).

198.	 Boone, A. et al. Updates on the International Land Surface Interactions with the 
Atmosphere over the Iberian Semi-Arid Environment (LIAISE) Field Campaign 
(CW3E, 2021); https://hal.science/hal-03842003/document.

199.	 Fisher, J. B. et al. ECOSTRESS: NASA’s next generation mission to measure 
evapotranspiration from the International Space Station. Water Resour. Res. 56, 1–20 
(2020).

200.	Santanello, J. A. et al. Land–atmosphere interactions: the LoCo perspective. Bull. Am. 
Meteorol. Soc. 99, 1253–1272 (2018).

201.	 Siebert, S. et al. Development and validation of the global map of irrigation areas. 
Hydrol. Earth Syst. Sci. 9, 535–547 (2005).

202.	Sutanudjaja, E. H. et al. PCR-GLOBWB 2: a 5 arcmin global hydrological and water 
resources model. Geosci. Model Dev. 11, 2429–2453 (2018).

203.	Wada, Y., Wisser, D. & Bierkens, M. F. P. Global modeling of withdrawal, allocation and 
consumptive use of surface water and groundwater resources. Earth Syst. Dyn. 5, 15–40 
(2014).

204.	Döll, P. et al. Impact of water withdrawals from groundwater and surface water on 
continental water storage variations. J. Geodyn. 59–60, 143–156 (2012).

205.	Wisser, D. et al. Global irrigation water demand: variability and uncertainties arising from 
agricultural and climate data sets. Geophys. Res. Lett. 35, 1–5 (2008).

206.	Wisser, D., Fekete, B. M., Vörösmarty, C. J. & Schumann, A. H. Reconstructing 20th century 
global hydrography: a contribution to the Global Terrestrial Network — Hydrology (GTN-H). 
Hydrol. Earth Syst. Sci. 14, 1–24 (2010).

207.	 Sulser, T. B. et al. Green and blue water accounting in the Ganges and Nile basins: 
implications for food and agricultural policy. J. Hydrol. 384, 276–291 (2010).

208.	Hanasaki, N., Yoshikawa, S., Pokhrel, Y. & Kanae, S. A global hydrological simulation 
to specify the sources of water used by humans. Hydrol. Earth Syst. Sci. 22, 789–817 
(2018).

209.	Hurtt, G. C. et al. Harmonization of global land use change and management for 
the period 850–2100 (LUH2) for CMIP6. Geosci. Model Dev. 13, 5425–5464 (2020).

210.	 Zhang, Z. et al. Joint modeling of crop and irrigation in the central united states using 
the Noah-MP land surface model. J. Adv. Model Earth Syst. 12, 1–19 (2020).

211.	 Beven, K. Towards a methodology for testing models as hypotheses in the inexact 
sciences. Proc. R. Soc. A Math. Phys. Eng. Sci. 475, 1–19 (2019).

212.	 Xu, T., Deines, J., Kendall, A., Basso, B. & Hyndman, D. Addressing challenges for mapping 
irrigated fields in subhumid temperate regions by integrating remote sensing and 
hydroclimatic data. Remote Sens. 11, 370 (2019).

213.	 Felfelani, F., Lawrence, D. M. & Pokhrel, Y. Representing intercell lateral groundwater 
flow and aquifer pumping in the community land model. Water Resour. Res. 57, 
e2020WR027531 (2021).

214.	 Mueller, C. et al. Global gridded crop model evaluation: benchmarking, skills, deficiencies 
and implications. Geosci. Model Dev. 10, 1403–1422 (2017).

215.	 Jägermeyr, J. & Frieler, K. Spatial variations in crop growing seasons pivotal to reproduce 
global fluctuations in maize and wheat yields. Sci. Adv. 4, 1–10 (2018).

216.	 Puy, A., Lankford, B., Meier, J., van der Kooij, S. & Saltelli, A. Large variations in global 
irrigation withdrawals caused by uncertain irrigation efficiencies. Environ. Res. Lett. 17, 
044014 (2022).

217.	 Fernández, J. E., Alcon, F., Diaz-Espejo, A., Hernandez-Santana, V. & Cuevas, M. V. Water 
use indicators and economic analysis for on-farm irrigation decision: a case study of a 
super high density olive tree orchard. Agric. Water Manag. 237, 106074 (2020).

218.	 Jain, M., Naeem, S., Orlove, B., Modi, V. & DeFries, R. S. Understanding the causes 
and consequences of differential decision-making in adaptation research: adapting to a 
delayed monsoon onset in Gujarat, India. Global Environ. Change 31, 98–109 (2015).

219.	 Basharat, M. Water management in the Indus Basin in Pakistan: challenges and 
opportunities. Indus River Basin Water Secur. Sustain. https://doi.org/10.1016/ 
B978-0-12-812782-7.00017-5 (2019).

220.	Bell, A. R., Ward, P. S. & Shah, M. A. A. Increased water charges improve efficiency and 
equity in an irrigation system. Ecol. Soc. 21, 1–41 (2016).

Acknowledgements
The authors acknowledge the Aspen Global Change Institute and D. Lawrence for their support 
in this topic and our discussions. H.K. acknowledges the National Research Foundation of 
Korea (NRF) grant Funded by the Korea Government (MSIT) (2021H1D3A2A03097768) and 
Japan Science and Technology Agency (JST) as a part of the Belmont Forum under the grant 
number JPMJBF2101. Y.P. acknowledges support from the National Science Foundation 
(Awards #: 1752729 and 2127643). L.B., C.M., W.D., and L.Z., acknowledge support from the 
European Space Agency projects IRRIGATION+ (contract number 4000129870/20/I-NB) 
and 4DMED-Hydrology (4000136272/21/I-EF). P.V. and A.D.J. acknowledge support from the 
U.S. Department of Energy, Office of Science, as part of research in the MultiSector Dynamics, 
Earth and Environmental System Modeling Program. W.T. acknowledges the DLR/BMBF 
(DE, grant no. 01LS1905A), NWO (NL), the Belgian Science Policy Office (BELSPO) and the 
European Union for supporting the project ‘LAnd MAnagement for CLImate Mitigation and 
Adaptation’ (LAMACLIMA) (grant agreement no. 300478), which is part of ERA4CS, an ERA-NET 
initiated by JPI Climate. N.D.M. and L.S. acknowledge support from the Foundation for Food 
and Agriculture Research (FF-NIA19-0000000003). M.H.L acknowledges support from NSTC 
Grant 110-2628-M-002-004-MY4 and 111-2111-M-002-019. R. M. acknowledges support from 
an NSF Grant AGS-1853390. T.Y. is supported by MEXT-Program for the advanced studies of 
climate change projection (SENTAN) Grant Number JPMXD0722681344. J.J. was supported by 
the NASA GISS Climate Impacts Group and the Open Philanthropy Project.

Author contributions
M.N., P.L.-P., J.K., Y.P., M.J., J.J., L.C., N.D.M. and S.Mc.D. researched data for the article. M.N., 
P.L.-P., J.K., Y.P., M.J., J.J., L.B., C.M., A.J., P.V., W.T., A.B., W.D., S.J., M.-H.L., R.M., V.M., N.D.M., 
D.N., S.S.R., L.S., Y.W., F.C., B.I.C., H.K., D.L., J.P., D.R., J.S., S.S., D.S., T.Y. and S.Mc.D. contributed 
substantially to discussion of the content. M.N., P.L.-P., J.K., Y.P., M.J., J.J., L.B., C.M., A.J., P.V., 
W.T., Y.Y., A.B., W.D., N.H., M.-H.L., N.D.M., L.S., L.Z. and S.Mc.D. wrote the article. M.N., P.L.-P., 
J.K., Y.P., M.J., J.J., A.J., P.V., W.T., Y.Y., L.C., W.D., S.J., R.M., V.M., D.N., S.S.R., Y.W., L.Z., J.P., D.R., 
J.S., Y.S. and S.Mc.D. reviewed and/or edited the manuscript before submission.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at  
https://doi.org/10.1038/s43017-023-00438-5.

https://openknowledge.worldbank.org/server/api/core/bitstreams/212e6512-5070-53d2-b620-3623778a4f83/content
https://openknowledge.worldbank.org/server/api/core/bitstreams/212e6512-5070-53d2-b620-3623778a4f83/content
https://doi.org/10.2760/922129
https://doi.org/10.2760/922129
https://doi.org/10.1029/2018MS001453
https://doi.org/10.1029/2018MS001453
https://hal.science/hal-03842003/document
https://doi.org/10.1016/B978-0-12-812782-7.00017-5
https://doi.org/10.1016/B978-0-12-812782-7.00017-5
https://doi.org/10.1038/s43017-023-00438-5


Nature Reviews Earth & Environment

Review article

Peer review information Nature Reviews Earth & Environment thanks Stefan Siebert, Ruby 
Leung, Wanxue Zhu and the other, anonymous, reviewer(s) for their contribution to the peer 
review of this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this 
article under a publishing agreement with the author(s) or other rightsholder(s); author self-
archiving of the accepted manuscript version of this article is solely governed by the terms 
of such publishing agreement and applicable law.

Related links
Central Ground Water Board: http://cgwb.gov.in/
Directorate of Economics And Statistics: https://eands.dacnet.nic.in/
FAOSTAT: http://www.fao.org/faostat/en/#home
Long-term agricultural research sites: https://ltar.ars.usda.gov/data/data-dashboards/
Pakistan Bureau of Statistics: https://www.pbs.gov.pk/
UN FAO: https://www.fao.org/3/y3918e/y3918e00.htm#TopOfPage
USDA: https://www.nass.usda.gov/AgCensus/

© Springer Nature Limited 2023

1Department of Environmental Studies, New York University, New York, NY, USA. 2NASA Goddard Institute for Space Studies, New York, NY, USA. 
3Department of Land, Air, and Water Resources, University of California, Davis, CA, USA. 4NASA Goddard Space Flight Center, Greenbelt, MD, USA. 
5University of Maryland, Earth System Science Interdisciplinary Center, College Park, MD, USA. 6Department of Environment, Ghent University, 
Ghent, Belgium. 7Department of Civil and Environmental Engineering, Michigan State University, East Lansing, MI, USA. 8School for Environment and 
Sustainability, University of Michigan, Ann Arbor, MI, USA. 9Columbia University, Climate School, New York, NY, USA. 10Potsdam Institute for Climate 
Impact Research (PIK), Member of the Leibniz Association, Potsdam, Germany. 11National Research Council, Research Institute for Geo-Hydrological 
Protection (CNR-IRPI), Perugia, Italy. 12Climate and Ecosystem Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 13Energy 
and Resources Group, University of California, Berkeley, CA, USA. 14Department of Hydrology and Hydraulic Engineering, Vrije Universiteit Brussel, 
Brussels, Belgium. 15Department of Earth & Environment, Boston University, Boston, MA, USA. 16Department of Earth & Atmospheric Sciences, University 
of Nebraska-Lincoln, Lincoln, NE, USA. 17Department of Geodesy and Geoinformation, TU Wien, Vienna, Austria. 18Center for Climate Change Adaptation, 
National Institute for Environmental Studies, Tsukuba, Japan. 19Bren School of Environmental Science and Management, University of California, Santa 
Barbara, CA, USA. 20Department of Atmospheric Sciences, National Taiwan University, Taipei, Taiwan. 21High Plains Regional Climate Center, School 
of Natural Resources, University of Nebraska-Lincoln, Lincoln, NE, USA. 22Civil Engineering and Earth Sciences, Indian Institute of Technology (IIT) 
Gandhinagar, Gandhinagar, India. 23Department of Ecosystem Science and Sustainability, Colorado State University, Fort Collins, CO, USA. 24Department 
of Soil and Crop Sciences, Colorado State University, Fort Collins, CO, USA. 25Department of Geological Sciences, Jackson School of Geosciences, 
University of Texas at Austin, Austin, TX, USA. 26Cockrell School of Engineering, UT Austin, Austin, TX, USA. 27Department of Environmental Sciences, 
Rutgers University, New Brunswick, NJ, USA. 28Climate and Global Dynamics Laboratory, National Center for Atmospheric Research, Boulder, CO, USA. 
29Land and Carbon Lab, World Resources Institute, Washington, DC, USA. 30Center for Desert Agriculture, Climate and Livability Initiative, Biological and 
Environmental Science and Engineering Division, King Abdullah University of Science and Technology, Thuwal, Saudi Arabia. 31Moon Soul Graduate 
School of Future Strategy, Korea Advanced Institute of Science and Technology (KAIST), Daejeon, Korea. 32LMD-IPSL, Centre National de la Recherche 
Scientifique (CNRS), Ecole Polytechniqu, Paris, France. 33Department of Infrastructure Engineering, University of Melbourne, Parkville, Victoria, Australia. 
34Institute for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland. 35School of the Environment, Washington State University, Vancouver, 
WA, USA.36Earth System Division, National Institute for Environmental Studies, Tsukuba, Japan.

http://cgwb.gov.in/
https://eands.dacnet.nic.in/
http://www.fao.org/faostat/en/#home
https://ltar.ars.usda.gov/data/data-dashboards/
https://www.pbs.gov.pk/
https://www.fao.org/3/y3918e/y3918e00.htm#TopOfPage
https://www.nass.usda.gov/AgCensus/

	Irrigation in the Earth system

	Introduction

	The current state of irrigation

	Irrigation estimates from census and remote sensing products

	Outstanding uncertainties in irrigation data and modelling

	Changes in global and regional irrigation

	Irrigation estimates from process-based models


	Irrigation, climate and the environment

	The biogeophysical and biogeochemical impacts of irrigation

	Impacts of irrigation on surface temperature

	Impacts of irrigation on precipitation

	Impacts of irrigation on biogeochemical cycling


	Future climate–irrigation interactions

	The effect of anthropogenic warming on climate–irrigation interactions

	The impact of changing water demands and climate on irrigation

	Considerations for irrigation sustainability


	Summary and future perspectives

	Acknowledgements

	Fig. 1 Global irrigated areas.
	Fig. 2 Global irrigation water withdrawals and consumption estimates.
	Fig. 3 Irrigation–Earth system interactions.
	Fig. 4 Irrigation–climate impacts over North America.
	Fig. 5 Projected changes in irrigated area.
	Fig. 6 Potential for sustainable irrigation.




