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Abstract. Irrigation is the most dominant freshwater-use practice on Earth, yet its effect on the top of atmosphere (TOA)
radiative budget remains highly uncertain because past estimates have relied on idealised experiments or single-model
frameworks. Here we capitalise on the Irrigation Model Intercomparison Project (IRRMIP) to provide the first multi-model
quantification of irrigation-induced effective radiative forcing (ERF), defined here as the change in net TOA radiative flux
including rapid atmospheric adjustments under prescribed sea surface temperatures (SST), over the historical period (1902-
2014). Across seven Earth system models, under fixed SST conditions, the global multi-model mean (MMM) irrigation-
induced ERF is positive but small (~ 0.023 W m™), reflecting a near-cancellation between the positive longwave
contribution associated with irrigation-induced atmospheric moistening and the negative shortwave contribution associated
with enhanced reflection, including cloud-related effects. While the global signal is small, it masks pronounced regional
heterogeneity: South Asia and West Central Asia exhibit substantially higher positive ERF (~ 0.25 W m™2), with spatial maps
revealing coherent forcing hotspots of up to +5 W m™ over the Indo-Gangetic Plain that are consistent across all models,
while East Asia shows a persistent negative signal (-0.03 W m™2). The clear-sky ERF is greater than the all-sky ERF in most
regions, indicating that cloud adjustments following irrigation exert a systematic negative contribution to the ERF. We
additionally examine future changes in net TOA radiation imbalance (AR,t0a) from a fully coupled CMIP-style model
(SSP1-2.6 and SSP3-7.0, 2015-2070) to assess whether the historical ERF pattern persists under future irrigation. A more
global positive ARy toa is found under the high-irrigation-demand SSP3-7.0 pathway relative to SSP1-2.6, consistent with
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projected differences in irrigation expansion between scenarios. Correlations between historical ERF variability and its
potential drivers suggest that reduced outgoing longwave radiation is the dominant control at the global scale and in South
Asia and West Central Asia, while near-surface temperature, precipitable water, albedo, and cloud cover contribute with
substantial regional and inter-model variability. These results demonstrate that irrigation's radiative influence, while small in
the global mean, is regionally substantial and scenario-dependent, with implications for the attribution of regional climate

change and for the design of land-based mitigation trajectories.

1 Introduction

Irrigation is the most dominant freshwater-use practice globally, supporting 40% of the world’s food supply (Siebert et al.,
2015) and accounting ~70% of total human freshwater withdrawals (Do6ll et al., 2009; Siebert et al., 2010) and ~ 90% of
consumptive water (Siebert et al., 2010). Since 1901, the area equipped for irrigation (AEI) has expanded more than fivefold,
reaching approximately 3 million km? by 2014 (Hurtt et al., 2020a; McDermid et al., 2023). This massive expansion has
profound impacts on the Earth system (Mahmood et al., 2014; Roy et al., 2007; Tuinenburg et al., 2011), altering global and
regional water cycles (Puma and Cook, 2010; Wu et al., 2022), energy balances (Al-Yaari et al., 2022; Thiery et al., 2017),
heat extremes (Mishra et al., 2020; Thiery et al., 2020; Yao et al., 2025a), and biogeochemical fluxes (Boucher et al., 2004).
The primary biophysical effect is evaporative cooling, where irrigation water shifts the surface energy partition by increasing

latent heat flux relative to sensible heat flux (Cook et al., 2015; Li et al., 2026; Mueller et al., 2017; Seneviratne et al., 2010).

At the Earth system scale, the evaporation of irrigation water introduces contrasting thermodynamic effects by adding
additional moisture into the atmosphere. As a greenhouse gas, this water vapor traps outgoing longwave radiation,
potentially exerting a positive radiative forcing, while its eventual condensation releases latent heat directly into the
atmosphere (Koll and Cronin, 2018). Consequently, irrigation alters the vertical temperature profile by cooling the surface
via the latent heat flux while simultaneously warming the mid-to-upper troposphere (Boucher et al., 2004). Radiative forcing
describes the total imposed energy on the climate system and can be used to predict long-term climate responses, offering
insight into the key drivers of climate change (Sharma et al., 2026). A positive radiative forcing (RF) means a net energy
gain that would exert a warming influence on the Earth’s climate system, whereas a negative RF signifies a net energy loss,
inducing a cooling effect (Bellouin et al., 2020; Forster et al., 2016). Boucher et al. (2004) estimated global mean RF from
irrigation-induced water vapor of about +0.03 to +0.1 W/m? in idealized simulations (i.e., a prescribed-vapor simulations).
However, the authors found a decrease in surface temperature dominated by evaporative cooling rather than by the excess
greenhouse effect. Cook et al. (2015) found that RF at the TOA is about 0.02 W/m? using GISS ModelE2 (compared to a

non-irrigated control baseline scenario).
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The traditional stratospherically-adjusted RF metric is poorly suited for assessing near-surface water vapor perturbations in
climate models because it requires the tropospheric state to remain fixed (IPCC, 2014). As a result, tropospheric radiative
adjustments, which have been shown to play an important role in the response to irrigation forcing (Sherwood et al., 2018),
are not accounted for (Sherwood et al., 2015). Effective RF (ERF) is a better predictor of long-term temperature change than
RF (Ramaswamy et al., 2018) and is the recommended method to assess the radiative impacts of climate perturbations
(IPCC, 2023). Instantaneous radiative forcing refers to the immediate radiative effect of an imposed perturbation before the
atmospheric and land-surface state adjusts. Rapid adjustments include subsequent changes in clouds, atmospheric
temperature and humidity profiles, and land-surface conditions that occur without an SST-mediated climate response; ERF
includes both contributions. Until now, global estimates of irrigation-induced ERF still rely on a limited number of
modelling frameworks or single-model studies (e.g., Boucher et al., 2004; Gormley-Gallagher et al., 2022; Sherwood et al.,
2018). Consequently, the global-scale magnitude of irrigation-driven greenhouse forcing remains highly uncertain (Li et al.,

2022).

Using the Community Earth System Model (CESM 1.2.2), Sherwood et al. (2018) found that irrigation-emitted water vapor
has a very low Global Warming Potential (GWP), with total global ERF equal to -0.026 W/m?, opposite in sign to what is
expected from an increased water vapour greenhouse effect. This was explained by the negative rapid adjustments due to an
increase in low cloud amount, and because the increased moisture rains out before reaching radiatively sensitive altitudes.
Using the same model and a mechanistic irrigation parameterisation, Gormley-Gallagher et al. (2022) found that irrigation-
induced ERF at the TOA is about 0.05 W/m?. While these studies offered new insights into irrigation-induced ERF, they
were restricted to single-model perspectives and used a diversity of modelling approaches to estimate irrigation ERF,

challenging disentangling structural model uncertainties from uncertainties in the water vapour flow to the atmosphere.

To address these structural uncertainties and consolidate our understanding of irrigation-climate interactions, the Irrigation
Model Intercomparison Project (IRRMIP) was established (Yao et al., 2025a, 2025c). IRRMIP provides a multi-model
framework involving state-of-the-art Earth System Models (ESMs), including CESM2, CESM2-groundwater (CESM2_GW;
a variant incorporating a groundwater parameterisation), CNRM-CM6-1 (CNRM), E3SMv2 (E3SM), MIROC-INTEG-ES
(MIROC), NASA GISS climate model (NASA-GISS), NorESM2 (NorESM), and IPSL-CM6, to simulate the impacts of
transient irrigation expansion from 1902 to 2014. Although IRRMIP has already been used to assess the thermal and
hydrological impacts of irrigation, its multi-model ensemble has not yet been used to quantify irrigation-induced ERF. Initial
IRRMIP results led by Yao et al. (2025a) have demonstrated that while irrigation reduces dry-heat extremes, it can amplify
moist-heat stress and aggravate land water depletion (Yao et al., 2025¢), emphasizing the complex trade-offs of irrigation as
an adaptation strategy. In this study, we leverage the IRRMIP multi-model ensemble to provide the first comprehensive
quantification of irrigation-induced ERF across multiple model structures. Furthermore, we extend the analysis beyond
historical simulations (1902-2014) to available future projections in one model under two Shared Socio-economic Pathways

(SSPs), namely SSP1-2.6 and SSP3-7.0, which incorporate transient changes in both irrigation extent and efficiency.

3
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Because these future simulations are fully coupled (CMIP-style), in contrast to the fixed-SST (AMIP-style) historical
IRRMIP experiments, note that the corresponding radiative quantity reflects both irrigation forcing and the radiative
consequences of the coupled SST and circulation response and is reported here as the net TOA radiation imbalance (AR, toa)
rather than ERF (see Section 2.2). We use this future AR, oA not as a direct extension of the historical ERF time series, but
as an independent test of whether the regional forcing pattern identified historically persists or intensifies under future
irrigation and socioeconomic scenarios. This represents a critical gap given that future irrigation demand is projected to

change under both climate warming and evolving agricultural practices. To this end, this study addresses three objectives:

L Quantifying the historical irrigation-induced ERF (1902-2014) across seven IRRMIP models and characterising its

spatial structure and inter-model spread;

IIL. Identifying the dominant physical drivers of historical irrigation ERF, by analysing the relationship between ERF
and key atmospheric and surface variables: total, high, medium, and low cloud cover, surface albedo, near-surface
temperature, upwelling and downwelling shortwave and longwave radiation, and precipitable water; and

III.  Assessing the projected future AR, toa radiation imbalance (2015-2070) under SSP1-2.6 and SSP3-7.0 to evaluate
whether the regional pattern of irrigation forcing identified historically strengthens or weakens under different

socioeconomic and emission trajectories.

2 Methods
2.1 The IRRMIP framework

The IRRMIP protocol consists of two transient atmosphere-land experiments with prescribed SST and sea ice (AMIP-style)
over 1901-2014: one with and one without irrigation expansion (Yao et al., 2025a). Here, we analyse simulations from seven
models: CESM2, CESM2_GW, MIROC, CNRM, NorESM, NASA-GISS, and E3SM. The irrigated experiment (IRR)
prescribes the transient historical evolution of irrigation extent and applies dynamically computed irrigation amounts to the
land surface, whereas the no-irrigation-expansion control (NOI) uses identical boundary conditions but maintains irrigation
conditions at their 1901 levels. The difference between the two experiments isolates the climate response to irrigation
expansion, with SST and sea ice prescribed in both simulations. Irrigation represented in the models can be grouped into two
categories: external forcing applications (only for CNRM and NASA-GISS) and soil-moisture-based schemes. Soil-
moisture-based irrigation modules and their characteristics (irrigation triggers, start time, amount, etc.) are different among
models. It should be noted that although CESM2, CESM2 GW, and NorESM share similar land system models, they differ
in atmospheric models and features in the irrigation scheme. The reader is kindly directed to Yao et al. (2025a) for more
detailed descriptions of the models and their irrigation schemes. Multiple ensemble members are used per model where
available (five for CNRM and NASA-GISS, two for NorESM and E3SM, three for MIROC, CESM2_GW and CESM?2), and

the per-model ensemble mean is computed before deriving the multi-model mean.
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In Yao et al. (2025b), future irrigation projections were modelled by developing dynamic irrigation efficiency and extent
scenarios explicitly tied to the SSPs, thereby moving away from the static, present-day irrigation baselines used in previous
studies. To project future irrigation, the authors developed a new dataset of Irrigation Techniques Share (ITS) aligned with
two contrasting SSPs: SSP1-2.6 (a sustainable "green road" with low mitigation and adaptation challenges) and SSP3-7.0 (a
"rocky road" with high challenges for both). These scenarios capture the real-world transition from traditional, highly
consumptive flood irrigation to modern water-saving techniques like drip and sprinkler systems. Future changes in irrigation
extent were taken from the Land Use Harmonization version 2 (LUH2) dataset, while the transition between irrigation
methods, drip, sprinkler, and flood, was projected using a hydro-economic framework that classifies countries based on
socioeconomic indicators (GDP, governance, urbanisation, gender inequality) and hydroclimatic conditions (precipitation),
assuming that wealthier and drier countries adopt efficient techniques faster. These transient ITS scenarios were then
implemented in CESM2, which was extended to allow multiple irrigation techniques per crop type per grid cell, enabling
yearly updates to the mix of irrigation methods (Yao et al., 2022). Fully coupled climate simulations were run from 2015 to
2074 under both scenarios, each with three ensemble members, with and without irrigation, to isolate the climate impacts of

irrigation from those of greenhouse gas forcing.

2.2 Computation of ERF

At the top of the model, net downward radiation is defined as FSNT - FLNT, where FSNT is net shortwave radiation taken
as positive downward and FLNT is net longwave radiation taken as positive upward. The irrigation-induced change in net
TOA radiation is therefore calculated as the difference between the IRR and NOI experiments: ERF is the sum of the
instantaneous radiative forcing and its rapid adjustments, which act on atmospheric timescales and affect the vertical
distribution of temperature and moisture, and thus cloud formation. The irrigation-induced ERF is computed at the top of the

model as:
AERF = (FSNTigg - FLNTzg) - (FSNTxor - FLNTNo1) (1)

Because SST and sea ice are prescribed in the historical experiment, this net TOA radiation difference is interpreted as
AERF, which comprises the instantaneous radiative effect of the imposed perturbation and the associated rapid adjustments.
For each model, AERF is computed per ensemble member and then averaged across members. Note that CNRM does not
provide FSNT and FLNT directly but instead provides the CMIP standard-name variables rsdt (shortwave downward
radiation at TOA), rsut (shortwave upward radiation at TOA), and rlut (longwave upward radiation at TOA); for this model,

FSNT was computed as rsdt - rsut and FLNT was assumed equal to rlut.
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This AERF computation is valid for the historical AMIP-style simulations, where SST and sea ice are prescribed, as already
mentioned. The future scenario simulations (CESM2 SSP1-2.6 and SSP3-7.0) are fully coupled, allowing SST to respond to
the irrigation perturbation; the same IRR-NOIRR difference in net TOA radiation in this configuration reflects forcing
together with the radiative consequences of the coupled climate response, rather than AERF in the strict sense. We therefore
report this future-period quantity as the net TOA radiation imbalance (ARn,toa) rather than AERF.

The multi-model mean (MMM) AERF is computed by averaging each model's ensemble-mean AERF over 1902-2014. For
the spatial maps of historical AERF (Fig. 3), the period (1981-2014) mean is shown on a common grid, regridded using
linear interpolation to the CESM2 grid. For the future spatial maps (Fig. 7), the 2050-2070 mean is used, following the
analysis period adopted by Yao et al. (2025b). A 21-year, first-degree Savitzky-Golay smoothing filter (Savitzky and Golay,
1964) is applied to all time series prior to display (Figs.1-2,4-5), to highlight decadal-to-multidecadal variability while
suppressing interannual noise. Finally, only five models, CNRM, CESM2 GW, MIROC, NASA-GISS, and E3SM, provide
more variables beyond FSNT and FLNT, allowing the computation of clear-sky AERF and assessment of potential physical
drivers of AERF.

3 Results and Discussion
3.1 Regional and global historical annual mean ERF

At the global scale, the irrigation-induced all-sky AERF remains small throughout the entire period (Fig. 1A), with the multi-
model mean, reported in Table 1, being about +0.023 W m2. This small magnitude may reflect the compensation between
the longwave and shortwave components of the irrigation AERF (Boucher et al., 2004). The direction of the global mean
AEREF is consistent with previous studies (e.g., Boucher et al., 2004; Cook et al., 2015; Gormley-Gallagher et al., 2022),
though the magnitudes are not identical, but opposite in sign to Sherwood et al. (2018). Sherwood et al. (2018) and Gormley-
Gallagher et al. (2022) reported opposite irrigation impacts on AERF. However, the perturbations considered in the two
studies are not directly comparable. Sherwood et al. imposed an idealized near-surface water-vapour source without
accounting for the associated surface evaporative cooling, whereas Gormley-Gallagher et al. represented irrigation

interactively through the land model.
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Figure 1: (A-G) Global and regional annual mean all-sky AERF (W m™) from irrigation for each model and the multi-model
mean (black line), for the historical period (1902-2014). A 21-year Savitzky-Golay smoother is applied. Shading indicates
inter-model spread (+1 standard deviation). (H) Global and regional time series of area equipped for irrigation (AEI) in
1901-2014. (I) Relative composition shift in regional contributions to global AEI, expressed as the share (%) of each region's
irrigated area relative to the global total over 1901-2014, illustrating how the regional balance of irrigation expansion has
changed over time. To minimize edge effects introduced by the 21-year Savitzky-Golay filter, the first and last 10 years of
the record are not shown. The area equipped for irrigation data is from the Land-Use Harmonization phase 2 (LUH2) project
(Hurtt et al., 2020b). The spatial extent of the regions is shown in Fig. 3A.
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Regionally (see Fig.3A for the regions boundaries), the historical AERF time series under all-sky conditions show a gradual
intensification of the irrigation signal through the 20th century, broadly tracking the global expansion of irrigated area
(Figs.1 B, H). Irrigation rapidly expanded during the 20th century, leading to a progressive modification of the atmospheric
column above irrigated regions (Yao et al., 2025a). The rate of AERF change accelerates after approximately 1950,
consistent with the rapid post-war expansion of irrigation infrastructure in Asia. South Asia (SAS; Fig.1 B) shows the
strongest and most coherent positive AERF signal, rising progressively from near zero in the early 20th century to values
approaching 0.5 W m™ by the 1980s for NorESM, with a historical multi-model mean of +0.22 W m™. This is consistent
with the massive expansion of irrigated area in the Indian subcontinent, as evident in Fig.1 I: SAS evolved from contributing
a modest share of global irrigated area to dominating it by the early 21st century. The large positive AERF (i.e., warming
influence) here may reflect reduced TOA outgoing longwave from increased atmospheric moisture, outweighing shortwave
cloud effects, a pattern noted for northern India in earlier single-model studies (Cook et al., 2015). West Central Asia (WCA;
Fig.1 G) displays a similarly rising positive historical AERF mean of +0.24 W m™, associated with extensive irrigation in
Central Asian river basins. The Mediterranean (MED; Fig.1 E) region shows weaker AERF (+0.05 W m™) but is rather
stable over time. Western North America (WNA; Fig.1 C), Central North America (CNA; Fig.1 D) and East Asia (EAS;
Fig.1 F) show a smaller AERF. Overall, while the global AERF from irrigation is small, the regional AERF can reach
magnitudes of 0.4 W m™ in SAS and WCA, comparable to the magnitude of aerosol ERF signals in South Asia (Sharma et
al., 2026). This has implications for detection and attribution: irrigation and aerosol forcing may partially co-vary in time and
space in heavily industrialised and irrigated regions, making their separation in observational records challenging (van
Oldenborgh et al., 2018).
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Table 1: Period-mean AERF (historical, AMIP) and AR, toa (future scenarios, coupled CMIP) from irrigation (IRR minus
NOIRR) in W m™, derived from annual means. Historical simulations cover 1902-2014; future SSP scenarios cover 2015-
2070. Multi-model mean (MMM) and 95% confidence interval (t-distribution) are shown. Regions: GLO = Global; SAS =
South Asia; WNA = W. North America; CNA = C. North America; MED = Mediterranean; EAS = East Asia; WCA = W.
Central Asia. Note: historical AERF and future AR,toa are not directly comparable in magnitude, owing to differing
experimental design (fixed-SST AMIP-style vs. fully coupled CMIP-style simulations, Section 2.2); comparisons between
the two blocks should be limited to spatial/regional patterns, not absolute values.

Model Global @ South Asia W. North C. North Mediterranean East Asia W. Central

America America Asia

Historical period mean AERF (W m2; 1902-2014)

NASA_GISS 0.039 0.396 -0.111 -0.136 -0.081 0.068 0.185
MIROC 0.006 -0.017 0.115 0.059 -0.020 -0.011 0.165
CESM2 0.028 0.113 -0.056 -0.062 0.133 -0.150 0.425
CNRM -0.004 0.320 0.056 0.026 -0.008 0.011 0.110
E3SM 0.018 0.134 -0.011 0.206 0.111 -0.173 0.353
NorESM 0.047 0.340 0.171 0.076 0.110 0.023 0.279
CESM2 GW 0.025 0.281 0.023 0.015 0.136 0.012 0.182
MMM Mean 0.023 0.224 0.027 0.026 0.054 -0.031 0.243
MMM +95% CI +0.016 +0.138 +0.090 +0.100 +0.082 +0.085 +0.105

Future scenario period mean ARytoa (W m2; 2015-2070)

CESM2_SSP3-7.0 0.022 1.593 0.336 0.255 0.293 -0.234 0.868
CESM2 _SSP1-2.6 -0.014 1.322 -0.052 0.069 0.021 -0.193 0.988

When repeating the same analysis under clear-sky conditions, a more pronounced AERF signal emerges across all regions
(Fig. 2). Globally, the clear-sky forcing exhibits a systematic upward trajectory, particularly after the mid-20th century. This
amplification, also true over SAS, MED, WCA, and CNA, when moving from all-sky to clear-sky diagnostics, indicates the
presence of a negative cloud radiative adjustment operating within the multi-model ensemble. This may suggest that
irrigation-induced cloud changes partially offset the positive clear-sky water-vapor radiative effect. Such a negative
adjustment may arise from enhanced cloud reflection and increased planetary albedo, leading to a cooling effect, or from
changes in cloud distributions associated with enhanced surface evaporation and latent heat flux, which can modify
atmospheric stability and cloud formation. In particular, increased partitioning of available energy into latent rather than
sensible heat flux may reduce boundary-layer warming and potentially affect low-cloud development, further contributing to
the overall cloud-mediated cooling response. In South and West Central Asia, clouds appear to damp an otherwise positive

clear-sky ERF, whereas in East Asia the clear-sky signal is weakly positive or near zero while the all-sky signal is negative,
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suggesting that cloud-associated effects may determine or even reverse the sign of the regional ERF. The response appears

less robust and more model dependent over North America and the Mediterranean.
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Figure 2: same as Fig.1 but under clear-sky conditions and for only the models that provide FSNTC and FLNTC. To minimize edge
effects introduced by the 21-year Savitzky-Golay filter, the first and last 10 years of the record are not shown.

Furthermore, we present the spatial distribution of the historical (1981-2014) annual mean irrigation-induced AERF across
individual models (Fig.3 A-G), and the multi-model mean (Fig. 3H). The spatial maps reveal that while the global mean
AERF remains small, irrigation imposes strong, highly localized radiative signatures that are concentrated over major

agricultural basins. The spatial structure confirms why SAS and WCA dominate the regional time-series signals. A spatially

10
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coherent positive AERF hotspot (+ 2 to +5 W m) stretches across northern India and Pakistan, a feature that is replicated
across all models. This intense positive patch explains the increase in the SAS region seen after 1950 in Fig 2, confirming
that the addition of atmospheric moisture across the Indian subcontinent acts locally as a massive longwave greenhouse trap.
Strong positive forcing regions (+1 to +3 W m) are clustered around the Aral Sea basin and adjacent river valleys in West
Central Asia. This footprint anchors the upward historical trajectory tracked in the WCA time-series (Figs 1G and 2G). Over
Eastern and Central China, the models display a negative forcing signature (-1 to -3 W m-2), especially in NorESM and
E3SM. This regional cooling explains the small downward trend noted in the EAS time series (Table 1). The models exhibit
strong patches of warming over the Mississippi basin. Hatched areas (Fig. 3H), where >80% of models agree on sign of
change and [MMM| > 1 W/m?, over the Indo-Gangetic Plain confirm that the regional intensification captured throughout the
20th-century time series is a coherent climate response across independent modelling frameworks. The spatial co-location of
these positive and negative anomalies explains the global-scale buffering effect, showing that the near-zero global mean ERF
is not an indication of weak thermodynamic activity, but rather the result of distinct regional forcing patterns

counterbalancing one another.

11



https://doi.org/10.5194/egusphere-2026-4199
Preprint. Discussion started: 22 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

CESM2_GW

AERF IRR — NOIRR (W m~?)
270 Figure 3: Global maps of the 1981-2014 mean effective radiative forcing from irrigation (AERF; W m™) for each of the

seven IRRMIP models (CESM2, CESM2-GW, CNRM, NorESM, NASA-GISS, MIROC, and E3SM) and their multi-model
mean. Hatches mark areas where the 80% of the models agree on the sign.
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3.2 Physical drivers and feedback mechanisms

To uncover the physical processes governing the coupling between irrigation and historical AERF, we examine the co-
variation of AERF with a suite of land and atmospheric variables for only the five models (CNRM, CESM-GW, MIROC,
NASA-GISS, and E3SM) that provide variables beyond FSNT and FLNT to diagnose the physical drivers of AERF.
Following the definition of AERF (eq. 1), we analyse inter-model correlations across various regions (Fig. 4). Figure 4
displays the correlations over 1910-2004 between AERF and total cloud cover, high cloud cover, medium cloud cover, low
cloud cover, near-surface temperature (tas), precipitable water, TOA net SW radiation, TOA outgoing LW, surface
downwelling SW, surface upwelling SW, and surface albedo. In the following, we focus on variables for which all five

models exhibit a robust agreement in the sign of correlation.

The models’ AERF show strong negative correlations ( > ~ -0.5, p < 0.001) with the irrigation-induced change in TOA
Outgoing Longwave Radiation (LW) at the global scale (Fig.4A), as well as in SAS (Fig.4B) and WCA (Fig.4G). Physically,
this is an expected relationship: since AERF is defined as the irrigation-induced change in FSNT - FLNT, a reduction in
outgoing LW (which decreases FLNT) inherently increases AERF if FSNT remains constant. As established in literature,
irrigation cools the surface via enhanced latent heat flux and simultaneously increases low-level humidity (Boucher et al.,
2004; Mahmood et al., 2014; Thiery et al., 2017). Both processes suppress outgoing LW, as increased water vapor enhances
the local greenhouse effect, while a cooler surface emits less thermal radiation (Li et al., 2022). Interestingly, this correlation
reverses in CNA and WNA, suggesting that in these regions, other components of the TOA energy balance (likely SW
changes) dominate the AERF response.
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Similarly to LW, near-surface temperature correlates strongly and negatively with AERF in SAS (all models agree on sign).
This suggests that irrigation-driven cooling in this region is tightly coupled with a strengthening of the radiative forcing
response, primarily dominated by the reduction in outgoing LW. Water vapour acting as a greenhouse gas that traps
upwelling LW radiation and radiates it back to the Earth’s surface as downward longwave radiation. Although this process
tends to increase surface energy input, the increased energy availability appears to be partitioned to latent heat flux through
enhanced evapotranspiration, resulting to a net decrease in surface temperature. The high inter-model agreement in SAS
compared to the disagreement at the global scale (Fig.4A) indicates that the SAS signal is a robust regional feature that is
likely obscured by divergent responses in other regions when averaged globally (Cook et al., 2011). In contrast, models
agree on a positive correlation over WNA and CNA, reflecting a regime where higher temperatures coincide with stronger
AEREF, possibly due to dominant SW feedbacks or different evaporative regimes in these semi-arid climates (Singh et al.,

2018).

Precipitable water exhibits a positive correlation with AERF across SAS, WCA, and WNA (r = 0.6-0.75). Again, this effect
is consistent with physical understanding, where irrigation-induced water vapour increases regional greenhouse trapping,
thereby modulating the TOA energy balance (Boucher et al., 2004). Regarding surface albedo, the models show
predominantly negative correlations globally and across most regions, indicating that decreases in albedo linked to surface
wetting are generally associated with higher AERF through enhanced absorption of solar radiation. However, reductions in
albedo can also trigger rapid atmospheric adjustments. For example, Lagué et al. (2021) showed that lower land surface
albedo increases cloud cover in conjunction with enhanced precipitation, leading to greater reflection of incoming shortwave
radiation at the top of the atmosphere and enhanced longwave trapping over land. These competing radiative effects may

partially offset one another, thereby moderating the net AERF.

Cloud-AERF interactions show significant regional variability. Irrigation-induced changes in high cloud cover correlate
positively with AERF at the global scale, consistent with enhanced longwave trapping by thickening high cloud decks.
Conversely, low cloud cover changes correlate negatively with AERF in these same regions, indicating that irrigation-
induced low cloud thickening acts as a shortwave cooling mechanism that damps the AERF (Cheng et al., 2017). However,
negative correlations are observed in MED, EAS, and WNA between low (and medium) cloud with AERF with agreement in
sign across all models. Clouds appear to be a negligible driver of AERF variability in SAS, where the models diverge in sign,
and where the signal is instead dominated by surface temperature. Overall, the AERF of irrigation is a complex metric
because irrigation-induced surface cooling often decouples from TOA energy balance shifts (Boucher et al., 2004; Gormley-
Gallagher et al., 2022; Mahmood et al., 2014). This regional heterogeneity aligns with findings that local climate responses
are determined by the interplay between local energy balance and regional circulation patterns (Cook et al., 2011; de Vrese et

al., 2016; Singh et al., 2018).
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3.3 Regional and global future annual mean radiation imbalance

As mentioned earlier, unlike the historical period, the future scenario simulations are fully coupled (CMIP-style) runs in
which SST responds to the irrigation perturbation; the IRR-NOIRR difference in net TOA radiation therefore reflects both
irrigation’s forcing and the radiative consequences of the coupled climate response (Section 2.2). We report this quantity as
the net TOA radiation imbalance (AR toa) and use it here not as a direct extension of the historical AERF time series, but as
an independent test of whether the regional pattern identified for historical AERF, namely the dominance of SAS and WCA
and the persistent negative signal over EAS, persists or intensifies under future irrigation and socioeconomic scenarios.
Because of the differing experimental design, the magnitudes of AR,rtoa and historical AERF (Table 1) should not be

compared directly; comparisons across the two periods should be limited to spatial and regional patterns, not absolute values.

Figure 5 shows that AR, toa, under all-sky conditions, in the future (post-2014), the CESM2-SSP3-7.0 (red) and CESM2-
SSP1-2.6 (blue) scenarios diverge only modestly from the historical AERF, suggesting that changes in irrigation extent alone
may not strongly shift the global energy budget under either pathway, although there is a very small negative trend under
SSP126. The future ARy 1o signal from CESM2 (Fig. 5) shows a similar regional hierarchy to the historical AERF, with
SAS and WCA exhibiting the largest magnitudes, exceeding 1 W m™ for most of the 2016-2070 period, while the remaining

regions remain below 1 W m™ throughout.

In the future period, SSP3-7.0 (higher warming, less efficient irrigation) tends to produce a more positive AR, toa compared
to SSP1-2.6 over most of the regions, especially over MED, consistent with greater irrigation water demand under a warmer
and drier trajectory (Yao et al., 2025b). Yao et al. (2025b) have projected that annual irrigation water withdrawal decreases
under SSP1-2.6 but increases under SSP3-7.0, with new irrigation hotspots emerging in Africa. The fact that the SSP370
scenario sustains a stronger positive AR, roa in heavily irrigated regions aligns with that trajectory: more water applied
means stronger latent heat and moisture feedbacks, maintaining or amplifying the regional radiation imbalance signal into
the second half of the 21st century. Under SSP3-7.0, the AR, toa signal is projected to be stronger in magnitude than under
SSP1-2.6 by 2050-2070 over all regions (Table 1), consistent with higher projected irrigation demand under higher warming
and continued agricultural intensification. Under SSP1-2.6, a partial stabilisation or weakening of the AR, o4 is projected in
some models, reflecting reduced irrigation extent under stringent climate mitigation pathways where improved efficiency

reduces water application rates. The negative trends over EAS are likely to persist until 2070.

16



355

360

https://doi.org/10.5194/egusphere-2026-4199
Preprint. Discussion started: 22 July 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere\

03 GLO: Global 3 SAS: South Asia 3 WNA: W. North America
P ' B C
|
£ 0.2
2 2
2
> 0.1
X
u 1 11
© 0.0
g M
';_0.1 0 R A 01 L > V\_\/V\__
o
g
-0.2 -1 : - : ‘
2030 2040 2050 2060 2030 2040 2050 2060 2030 2040 2050 2060
3 CNA: C. North America 3. MED: Mediterranean 3 EAS: East Asia
— D E F
|
£
2 21 2
2
>
a2
vl 1 1
©
<
°
<
g
-1 T
2030 2040 2050 2060 2030 2040 2050 2060 2030 2040 2050 2060
.. WCA: W. Central Asia vear
o G
I
1S
2,
2
>
>
1 1 omen OO
©
<
e o
<
g
-1 H H H H
2030 2040 2050 2060
Year

—— CESM2_SSP370  —— CESM2_SSP126 +/- 1 SD across ensemble members

Figure 5: (A-G) Global and regional annual mean radiation imbalance (ARntoa, W m™2) under all-sky conditions from
irrigation under future scenarios SSP1-2.6 and SSP3-7.0 (2015-2070). A 21-year Savitzky-Golay smoother is applied.
Shading indicates spread across ensemble members (+1 standard deviation).

Compared to the small global values of AR, toa under all-sky conditions, with SSP3-7.0 staying mostly slightly positive and
SSP1-2.6 dipping more often below zero (Fig.5 A), clear-sky global values (Fig.6 A) are systematically higher than all-sky
for both scenarios. This indicates that cloud adjustments pull the global signal down, consistent with what was found for the

historical AERF, thus clouds are exerting a net negative (cooling) contribution to AR, roa in the future runs too.
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SAS (Fig.6 B) is the dominant regional signal in all clear-sky conditions (~1-2.5 W/m? vs <1 W/m? elsewhere), with higher
clear-sky values (~1.5-2.5+ W/m?) than all-sky for the same years, and the decline over time is similar in shape. In both sky
conditions, SSP3-7.0 (red, higher-irrigation-demand) leads SSP1-2.6 (blue) early on, but they cross around 2040-2050, and
SSP1-2.6 ends up higher by 2065-2070. A qualitatively similar pattern occurs in WCA, where AR, 1oa rises steadily from
~0.5-0.9 W m2 in 2016 to a plateau of 1-2 W m2 by the 2040s, again with SSP3-7.0 leading initially before the scenarios
converge and reverse ordering after approximately 2045. Figs. 5SE and 6E show that AR, toa over MED has a smaller
magnitude, with SSP3-7.0 systematically exceeding SSP1-2.6 throughout most of the simulation period in both sky
conditions but remains stable throughout the period. EAS is distinct in showing a sign reversal under clear-sky conditions,
with ARy oA transitioning from weakly positive to weakly negative after approximately 2030-2040 under both scenarios.
Overall, across all regions, clear-sky AR, 104 is consistently equal to or larger than all-sky ARnroa, indicating that cloud
adjustments exert a systematic damping influence on the AR, toa response to irrigation in the future projections, mirroring

the all-sky/clear-sky relationship found for the historical AERF.
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Figure 7 shows the spatial distribution of the irrigation-induced radiation imbalance (IRR- NOIRR) under two future SSPs
from CESM2, under all-sky (Fig7 A,B) and clear-sky (Fig.7 C,D) conditions, averaged over 2050-2070. The spatial structure
of projected future AR, 1oa broadly resembles the historical pattern, but with notable regional shifts. Under SSP3-7.0, the
positive AR, toa over SAS intensifies relative to the historical mean, while Central Asia and parts of Sub-Saharan Africa
show emerging irrigation signals associated with the projected expansion of irrigated area in those regions. Under SSP1-2.6,

the AR, 104 1S more muted, particularly over already-irrigated regions where improved irrigation efficiency is projected to
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reduce water application rates per unit area. These results suggest that the radiative influence of irrigation in the future is
sensitive to both the trajectory of agricultural expansion and the efficiency of water use. Future land-use scenarios should
more explicitly represent the evolution of irrigation practices and that climate models should account for irrigation as a
climate-relevant land-management forcing. Under all-sky conditions (Fig.7 A,B), the spatial pattern is heterogeneous with
both positive and negative anomalies of comparable magnitude scattered across irrigated and non-irrigated regions,
particularly over the oceans. SSP3-7.0 shows somewhat stronger positive signals over South Asia and West Central Asia
compared to SSP1-2.6, which instead exhibits a large negative anomaly (-3 to -5 W m™?) over the tropical Atlantic and
Indian Ocean, an ocean region where no irrigation occurs. This ocean signal is a strong indicator of cloud radiative
adjustments driven remotely by irrigation-induced moisture and circulation changes rather than a direct local forcing (Lagué
et al., 2022). Under the clear-sky (Fig.7 C,D), over the major irrigated regions including the Indo-Gangetic Plain, WCA, and
the MED, a consistent positive ARntoa of +1 to +3 W m™ emerges clearly in both scenarios. The ocean anomalies that
dominated the all-sky AERF (Fig.7 A,B) are almost entirely absent in clear-sky (Fig.7 C,D), confirming they were cloud-
mediated responses rather than direct water vapour forcing (Lagué et al., 2021). The clear-sky signal is also more spatially
coherent between SSP3-7.0 and SSP1-2.6, with SSP3-7.0 producing somewhat larger positive values over South Asia and
Central Asia, consistent with greater irrigation water application under the higher-emission scenario.

Cook et al. (2015) showed that the relative magnitude of the longwave and shortwave processes causes regional increases in
energy availability at the TOA over northern India, where the enhanced longwave effect dominates, while over Central Asia
and China, the shortwave reductions from enhanced cloud cover drive an overall decline. It seems that this is also true under
future conditions: South Asia and West Central Asia are consistently positive in clear-sky AERF, while East Asia shows
weaker and more mixed signals, consistent with a notable role of cloud-shortwave compensation there. Overall, the total all-
sky AR, toa from irrigation is not simply the water vapour greenhouse effect. The cloud adjustments can be of comparable or
greater magnitude and opposite sign, making the all-sky AR, toa highly model- and scenario-dependent. This is consistent
with findings from Sherwood et al. (2018), who showed that increases in water vapour greenhouse effect from near-surface
emissions (as in irrigation) are partially offset by increases in reflectance from low-level clouds, leading to an effective

radiative forcing likely near zero globally but with significant regional structure.
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Figure 7: As Figure 3, but for the projected 2050-2070 mean of ARntoa under SSP1-2.6 (right) and SSP3-7.0 (left) from
CESM2.

4. Conclusions

This study provides the first multi-model assessment of irrigation-induced AERF using the IRRMIP ensemble, spanning
historical (1902-2014) simulations across seven Earth system models. Three main conclusions can be drawn. First, the global
mean irrigation AERF (all-sky) is positive and small (MMM = 0.023 W m™2) with no clear historical trend, consistent with
earlier single-model estimates (Boucher et al., 2004; Cook et al., 2015; Gormley-Gallagher et al., 2022) but with the opposite
sign to Sherwood et al. (2018). This small global signal arises largely from a near-cancellation between longwave trapping
by irrigation-enhanced atmospheric moisture and shortwave reflection associated with cloud changes and should therefore

not be interpreted as evidence of weak regional radiative responses. It is likely affected by a small signal-to-noise ratio,
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where forcings of the order of +0.1 W m are the threshold for effective detection in AMIP-style experiments (Forster et al.,
2016). Second, this global cancellation masks a strong regional structure. South Asia and West Central Asia show model-
consistent positive AERF reaching 1-5 W m locally, concentrated over the Indo-Gangetic Plain, while East Asia shows a
persistent negative signal, confirming that irrigation can have substantial local effects. Clear-sky diagnostics confirm that
cloud adjustments act as systematic negative feedback that damps the all-sky forcing in most regions and dominate
considerably over the noise in the overall AERF signal, underscoring that irrigation's radiative footprint cannot be inferred
from greenhouse-gas perturbations by atmospheric moisture alone. The driver analysis further shows that AERF variability is
most strongly associated with variability in outgoing longwave radiation at the global scale and in the most strongly forced
regions. Temperature, moisture, and albedo also contribute to explaining AERF variability, but their relationships are
weaker, reflecting their influence on the radiative response through changes in atmospheric and surface properties. The fact
that some relationships (e.g., the sign of the temperature-AERF correlation) differ between South Asia and the semi-arid
regions of North America and the Mediterranean highlights that no single physical mechanism generalizes across all
irrigated regions. Third, the future projections indicate that the AR, rtoa radiation imbalance associated with irrigation is
sensitive to the socioeconomic pathway governing irrigation extent and efficiency: SSP3-7.0, which projects higher
irrigation water demand, produces a stronger positive AR, toa than SSP1-2.6 across the globe by 2070. This suggests that the
radiative consequences of irrigation are not fixed but will evolve with both climate trajectory and water-management choices
and should therefore be considered explicitly in the land-use components of future climate scenarios.

Several areas for improvement remain and should be explored in future studies: (i) The driver attribution in Section 3.2 is
based on only five of the seven IRRMIP models (CNRM, CESM2-GW, NASA-GISS, MIROC, and E3SM), (ii) The future
scenario simulations (CESM2 under SSP1-2.6 and SSP3-7.0) are fully coupled (CMIP-style) runs, in contrast to the fixed-
SST AMIP configuration used for the historical experiments. As a result, the IRR-NOIRR difference in net TOA radiation
for the future period (ARntoa, Table 1 and Figs 5-7) reflects both the irrigation forcing and the radiative consequences of the
coupled SST/circulation response and should not be interpreted as AERF in the same sense as the historical values. We retain
these coupled-run diagnostics because they offer a preliminary indication of how the net radiative consequences of irrigation
may evolve under contrasting socioeconomic pathways, with AR, toa generally larger under SSP3-7.0 than SSP1-2.6 across
most regions. However, isolating a true future AERF would require fixed-SST (AMIP-style) future experiments or a
dedicated forcing-feedback decomposition, which are beyond the scope of the present study and are identified here as a
priority for future work. (iii) Correlation-based driver attribution does not establish causal direction; several of the candidate
drivers (e.g., cloud cover, albedo, water vapor) are themselves rapid adjustments to the same underlying perturbation rather
than independent forcings, so the reported relationships should be interpreted as diagnostic of co-variation, not as a
decomposition into independent causal pathways. Finally, future work should prioritize expanding the diagnostic output of
additional IRRMIP models to enable a more complete multi-model driver attribution, incorporating multiple models into the
future-scenario analysis to test the robustness of the SSP-dependent AERF strengthening reported here, and developing

harmonized historical-future experimental protocols to remove the discontinuities currently introduced by differing irrigation
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parameterizations and atmosphere-only versus coupled configurations.
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