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Abstract Soil moisture (SM) substantially influences the change of surface water availability (precipitation
minus evapotranspiration, P‐E) in water‐limited drylands by altering evapotranspiration and atmospheric water
vapor inflow. While the overall significance of SM‐P‐E feedbacks is recognized, the spatial variability and
consistency across different dryland types remain unclear. Here, we investigate these feedbacks across
nearshore and inland drylands, revealing substantial heterogeneity in their responses. Using land‐atmosphere
coupling experiments and atmospheric moisture budget analysis, we demonstrate contrasting mechanisms: in
nearshore drylands, reductions in SM trigger increased moisture convergence, mitigating precipitation decline
and even elevating P‐E; conversely, in inland drylands, enhancements in SM further suppress precipitation by
diminishing moisture inflow, leading to a decline in P‐E. These findings uncover region‐specific SM‐water
cycle feedbacks, providing new insights into drylands water dynamics and implications for water resources
management under changing climate conditions.

Plain Language Summary Globally, soil moisture (SM) is a key factor influencing surface water
availability (precipitation minus evapotranspiration, P‐E), and its impact is even more pronounced in drylands.
Previous research has demonstrated reductions of SM facilitate moisture transport into drylands, thereby
elevating local precipitation and P‐E. While SM's impact on P‐E is established, it's unclear if this effect is the
same across all drylands, especially comparing nearshore and inland drylands. Water vapor transport and
convergence may be limited around inland drylands due to scarcity of nearby water sources. The potential
spatial heterogeneity of SM‐P‐E feedbacks within nearshore and inland drylands remains poorly understood.
Therefore, this paper focuses on distinct effects of SM on P‐E in nearshore (within 500 km of the coastline) and
inland drylands (beyond 1,000 km from the coastline). Utilizing land‐atmosphere coupling experiments and
atmospheric moisture budget diagnosis, we discover SM anomaly effect induces different variations in P‐E
in nearshore and inland drylands. Under global warming, for nearshore drylands, drying SM promotes increased
P‐E through enhanced moisture convergence (MC), whereas in inland drylands, wetting SM exacerbates
decreased P‐E by reducing MC. This study contributes to the understanding of land‐atmosphere interactions and
coupling in different dryland regions, thereby informing more effective water resource management efforts.

1. Introduction
Among important land surface processes, soil moisture (SM) is a pivotal factor critically regulating the global
water and energy cycles. It exerts profound control over precipitation, evapotranspiration, and consequently,
surface water availability—quantified as precipitation minus evapotranspiration (P‐E) (Rockström et al., 2009;
Seddon et al., 2016; Zhou et al., 2022). By altering latent and sensible heat fluxes, SM can modulate surface
energy distribution, thereby affecting atmospheric water vapor cycle and amplifying or mitigating climate ex-
tremes, such as drought and severe rainfall, which subsequently alter P‐E patterns (Berg et al., 2016; Chen
et al., 2025; Meng et al., 2014; Qiang et al., 2017; Seo & Ha, 2022; Y. Wang & Yuan, 2022; Zeng et al., 2019).
Notably, SM deficits can inhibit precipitation while increasing evapotranspiration, accelerating flash drought
onset, especially in humid, vegetated regions (Ma & Yuan, 2025; Y. Wang & Yuan, 2022; Yuan et al., 2023).
Furthermore, in periods of droughts, SM depletion not only diminishes the intensity of water cycle but also
sustains atmospheric circulation anomalies, promoting drought self‐propagation (Fischer et al., 2007; Koster
et al., 2014, 2016; Schumacher et al., 2022; Wu & Kinter, 2009). For example, positive SM‐precipitation
feedback linked to low SM has been shown to increase drought frequency in the northeastern United States
(Alessi et al., 2022). Conversely, variations in SM not only lead to drought, but also exert an impact on
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humidification process. Soil desiccation contributes to precipitation by causing an increase in evapotranspiration
in the humid regions and MC in the arid regions (Qing et al., 2023).

Notably, the influence of SM on P‐E exhibits pronounced regional heterogeneity, varying significantly across
climate zones. This heterogeneity is particularly significant in drylands, where recent analyses reveal complex
feedbacks. Beyond limiting local evapotranspiration (Denissen et al., 2020; Qiao et al., 2023; Yan et al., 2024;
Yang et al., 2018), the reduction in SM can enhance moisture transport into the drylands by modulating atmo-
spheric circulation and vertical uplift. This imported moisture can facilitate precipitation, partially offsetting
declines in drylands P‐E (Qing et al., 2023; Zhou et al., 2021). This inspires a fundamental question of whether
such SM anomaly effects on P‐E perform consistent across all drylands, specifically between nearshore and
inland drylands.

We hypothesize significant divergence in SM's influence on atmospheric water vapor transport and P‐E between
nearshore and inland drylands. Reduced SM in nearshore drylands may efficiently drive convergent circulations
that draw in maritime moisture. In contrast, similar circulations triggered by SM reduction in inland drylands are
likely constrained by the scarcity of nearby water vapor sources (Cao et al., 2025; Cheng et al., 2021). This
potential spatial heterogeneity in SM‐P‐E feedbacks within drylands—distinguishing nearshore from inland
dynamics—remains inadequately understood and constitutes a critical knowledge gap.

Consequently, this study addresses this gap by systematically investigating the differential effects of SM on P‐E
in nearshore versus inland drylands. Based on model simulations from CMIP6 and LFMIP‐pdLC, our results
suggest spatial heterogeneity in SM‐P‐E feedbacks in drylands based on future simulations of CMIP6 and
LFMIP‐pdLC. Our findings provide a novel and crucial contribution to understanding land‐atmosphere in-
teractions in diverse drylands environments, offering valuable insights for regional water resource management
and climate change adaptation.

2. Data and Methods
2.1. Data

In the research, we select monthly data from six CMIP6 models for precipitation (“pr”), moisture in upper portion
of soil column (“mrsos,” 0–10 cm), latent heat flux (“hfls”), and air temperature (“tas”), covering both the his-
torical period (1980–2014) and the far future period (2066–2100, SSP585 scenario). Besides, for each model, we
choose one ensemble member (see Table S1 in Supporting Information S1 for details). Critically, only the six
CMIP6 models (CESM2, CMCC‐ESM2, CNRM‐CM6‐1, EC‐Earth3, IPSL‐CM6A‐LR, and MPI‐ESM12‐LR)
both participate in LFMIP‐pdLC experiment and contain the required variables. Furthermore, these models have
empirically demonstrated superior performance on other variables, such as SM and P‐E (Qiao et al., 2023; Zhou
et al., 2022).

As certain models lack direct data for evapotranspiration, we opt to derive evapotranspiration through air tem-
perature (T ) and latent heat flux (LE). Accordingly, evapotranspiration can be decomposed into the following
components (Allen et al., 1998)

E =
LE

2.501 − (2.361 ∗ 10− 3)T (1)

where the unit of T is °C.

2.2. Definition of the Nearshore and Inland Drylands

To study the variation in P‐E due to heterogeneity in SM, we categorize drylands into the nearshore and inland
drylands. However, there is no clear criterion for the division of nearshore and inland drylands. Standards for the
classification of nearshore drylands versus inland drylands vary according to disciplinary background and
research objectives. Under the United Nations Convention on the Law of the Sea, 200 nautical miles (approxi-
mately 370 km) is defined as the exclusive economic zone. However, from the meteorological perspective, as the
monsoon continues to advance, water vapor from the ocean can be transported inland (Cai et al., 2024). In
particular, the East Asian monsoon moisture transport can reach northwestern China (more than 1,000 km from

Geophysical Research Letters 10.1029/2025GL117631

HU ET AL. 2 of 10

 19448007, 2025, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
117631 by L

anzhou U
niversity, W

iley O
nline L

ibrary on [05/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the coastline) (Ding & Chan, 2005), while the Australian monsoon can bring Australian monsoon rainfall and
provide most of the freshwater for northern Australia (less than 500 km from the coastline) (Heidemann
et al., 2023). Therefore, in our study, drylands less than 500 km from the coastline are chosen to be defined as
nearshore drylands, and drylands more than 1,000 km from the coastline are defined as inland drylands.

2.3. Definition of Aridity Index

The aridity index (AI) (Li et al., 2015) can be calculated from precipitation and potential evapotranspira-
tion (PET).

AI =
P

PET
(2)

Drylands are defined as the regions with the AI less than or equal to 0.65 (Li et al., 2015; Middleton &
Thomas, 1997; Mortimore, 2009). In order to better analyze the distribution of drylands, we download the AI from
the third edition of the global desiccation index and potential evapotranspiration database which is provided by
Plant Data Center of Chinese Academy of Sciences (Trabucco & Zomer, 2008, 2019; Zomer et al., 2022). Within
this data set, the PET is computed utilizing the FAO‐56 Penman‐Monteith equation, a well‐established method
that effectively integrates both energy balance and the aerodynamic mass transfer method for its calculations
(Zomer et al., 2022).

2.4. Moisture Budget Decomposition

Based on moisture budget decomposition (Zhou et al., 2022), the primary moisture sources for precipitation (P)
are evapotranspiration (E) andMC. Calculated from the top of the atmosphere (p= 0) to the ground (p= ps) at air
pressure (p), MC is characterized as the negative divergence of the vertical integral moisture flux.

P = E +MC (3)

MC = −
1

ρwg
∇ ·∫

ps

0
(uq) dp (4)

In the above equations, ρw is the density of water, g represents the acceleration of gravity, ∇ is the operator for
horizontal divergence, u is the horizontal vector wind, and q is the specific humidity.

Because we use monthly data sets in this research and pay attention to climatological change, overbars represent
monthly averages.

MC ≈ −
1

ρwg
∇ ·∫

ps

0
(u · q) dp (5)

Besides, we use the subscript 0 to represent the historical period. The MC in the historical period (MC0) can be
decomposed as

MC0 ≈ −
1

ρwg
∇ ·∫

ps

0
(u0 · q0) dp (6)

Subtracting the above two equations, we can calculate the change from the historical to future periods in MC
(ΔMC) as

ΔMC ≈ −
1

ρwg
∇ ·∫

ps

0
(u0 ·Δq + q0 ·Δu + Δu ·Δq) dp (7)

Next, according to the mass continuity equation (Bony et al., 2013),
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−
1

ρwg
∇ ·∫

ps

0
(q0 ·Δu) dp = −

1
ρwg

∫

ps

0
(Δω ·

∂q
∂p
) dp (8)

where ω is the pressure vertical velocity, so we can denote ΔMC as

ΔMC ≈ −
1

ρwg
∇ ·∫

ps

0
(u0 ·Δq + Δu ·Δq) dp −

1
ρwg

∫

ps

0
(Δω ·

∂q
∂p
) dp (9)

From the above equation, we can find ΔMC can be influenced by three terms, which are a thermodynamic term

(− 1
ρwg ∇ ·∫ps

0 (u0 ·Δq) dp), a dynamic term (− 1
ρwg∫

ps
0 (Δω · ∂q

∂p) dp), and a nonlinear term (− 1
ρwg ∇ ·∫ps

0 (Δu ·Δq) dp).

2.5. Soil Moisture‐Atmosphere Feedback Experiments

In this paper, we utilize the output generated by the Land Feedback Model Intercomparison Project with pre-
scribed Land Conditions (LFMIP‐pdLC, Hurk et al., 2016), where these prescribed land conditions are derived
from the average annual cycle of historical global climate model simulations from 1980 to 2014. With fully
coupled models provided by CMIP6, the SM anomaly effect on P‐E can be quantified by analyzing the difference
between CMIP6 and LFMIP‐pdLC (non‐SM anomaly effect). Consequently, the MC changes discussed in this
paper are primarily a consequence of local circulation anomalies, which are linked to SM variations.

3. Results
3.1. Distinct SM Anomaly Effects on P‐E in Nearshore and Inland Drylands

Our analysis begins by examining projected SM changes between the far future (2066–2100) and historical period
(1980–2014) across drylands, specifically contracting nearshore and inland drylands. Notably, the significant
variation of SM in drylands exhibits spatial heterogeneity, primarily characterized by decreases in nearshore
drylands (72.7% of grid cells with negative SM anomalies) and increases in inland drylands (75% of grid cells
show positive SM anomalies) (Figures 1a and 1b), which are corroborated by other studies (Zhao & Dai, 2022;
Zhou et al., 2021).

Critically, the effect of these SM changes on precipitation (ΔP), evapotranspiration (ΔE), and consequently
surface water availability (Δ(P‐E)) exhibits fundamentally different patterns between the two dryland types. For
nearshore drylands (Figures 1c, 1e, and 1g), a significant decline in SM is associated with considerable decreases
in both ΔP and ΔE. ΔE, however, exhibited a substantially steeper decline. Consequently, this leads to a net
enhancement in Δ(P‐E) across key regions like the southwestern United States, the Mediterranean coast, southern
South America, southern Africa and Australia. Absent the influence of SM anomaly effect, the local aridification
driven by the decrease in Δ(P‐E) would likely proceed at an accelerated rate (Tripathi et al., 2024, Figure S2 in
Supporting Information S1). In inland drylands (Figures 1d, 1f, and 1h), increasing SM anomaly effect produces
more complex response. In the Sahel, increased SM causes a decrease in ΔP alongside a significant increase of
ΔE, further exacerbating the decrease in Δ(P‐E). It may result from SM‐enhanced evapotranspiration inducing
surface cooling, which inhibits convective activity and further reduces local precipitation (F. Wang et al., 2023).
In Middle East Asia, a substantial increase in SM leads to increases in ΔP and ΔE, contributing to regional
moistening trend (Liang et al., 2025; Y. Wang et al., 2017; Zhang et al., 2023). However, the larger increase in ΔE
results in a net decrease in Δ(P‐E). Consequently, SM's changes promote increased Δ(P‐E) in most nearshore
drylands while exacerbating decreased Δ(P‐E) in inland drylands. This contrast is fundamentally linked to the
heterogeneous future SM trajectory (decrease in nearshore drylands, increase in inland drylands) and its divergent
impacts on the regional water cycle (Sun et al., 2025). In the warmer future, the changes of precipitation,
evapotranspiration, and P‐E are dominated by non‐SM anomaly effect (Figures S1 and S2 in Supporting Infor-
mation S1), which causes a decrease in Δ(P‐E) in nearshore drylands and an increase in inland drylands.
However, by mitigating the detrimental effects of the non‐SM anomaly effect, the SM anomaly effect plays a
crucial role in stabilizing the water cycle in water‐limited drylands.
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3.2. Divergent Mechanisms of SM Anomaly Effect in Nearshore and Inland Drylands

To further explore the mechanism driving these above contrasting impacts, we conduct the atmospheric moisture
budget diagnosis of the SM anomaly effect between nearshore and inland regions of the drylands. In nearshore
drylands, SM's decrease reduces evapotranspiration (Figure 2a). Crucially, it also triggers enhanced MC, pri-
marily driven by the thermodynamic and dynamic terms. This imported moisture partially offsets the reduction in
local precipitation caused by lower evapotranspiration. The net result is a weaker precipitation response compared
to the evapotranspiration reduction, which is consistent with Zhou et al. (2021), leading to an increase in local
P‐E.

Figure 1. Soil moisture (SM) anomaly effects on precipitation, evapotranspiration, and surface water availability in the nearshore and inland drylands. (a, b) Multi‐model
mean changes of SM (ΔSM) in the nearshore and inland drylands between 1980–2014 (historical simulation) and 2066–2100 (SSP585 simulation) in the six CMIP6
models which participate in the LFMIP‐pdLC experiment. (c–h) SM anomaly effects on the changes of precipitation (ΔP), evapotranspiration (ΔE), and surface water
availability (Δ(P‐E)) in drylands assessed as CMIP6 minus LFMIP‐pdLC results. Stippling denotes regions where the sign of ΔP, ΔE, and Δ(P‐E) is consistent with the
sign of multi‐model means (as shown in the figure) for at least 4 of the 6 models.
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Over inland drylands, the wetting SM drives increased evapotranspiration, which is favorable for local precip-
itation generation (Figure 2b). However, this positive effect is overwhelmed by a concurrent reduction in MC (or
increase in moisture divergence), induced by the moistening SM through both thermodynamic and dynamic
processes. This decreased convergence significantly inhibits precipitation, outweighing the contribution from
increased evapotranspiration. Consequently, the net precipitation response to SM increase is negative. Further,
atmospheric moisture budget diagnosis confirms that the reduction in precipitation is exacerbated by the cu-
mulative effect of decreased MC, which also strongly intensifies the diminishment in P‐E.

These mechanistic findings are fully consistent with the spatial distribution of SM anomaly effects described in
Section 3.1 (Figure 1). We identify that in nearshore (inland) drylands, drier (wetter) SM conditions under future
warming enhance (reduce) Δ(P‐E) through increased (decreased) MC, which may further contribute local wetting
(drying) of SM. Consequently, SM‐driven P‐E changes can establish a negative feedback loop for subsequent SM
evolution. Understanding this feedback mechanism is crucial for improving future SM projections in drylands and
contributing to the conservation of local ecosystems (Deng et al., 2020; Kannenberg et al., 2024; Lian et al., 2021;
Wankmüller et al., 2024).

3.3. Regional Manifestations of SM Anomaly Effect in Typical Drylands

Based on the classification of the nearshore and inland regions of the drylands, we examine seven typical dryland
regions: five dryland areas in the nearshore drylands (Figure 3a), including the southwestern United States,
southern South America, southern Africa, the Mediterranean coast, and Australia, and two dryland areas in the
inland drylands (Figure 3b), namely, the Sahel and the Middle East Asia, as shown in Figure 3. In the five dryland
areas of nearshore drylands (Figures 3c–3g), we consistently observe that decreasing SM reduces evapotrans-
piration while simultaneously stimulating the convergence of moisture from the ocean. This stimulation is driven
by the combined influence of the thermodynamic and dynamic terms, ultimately moderating the reduction in
precipitation caused by lower evapotranspiration. Consequently, in nearshore drylands, the effect of SM con-
tributes to an overall increase in P‐E, thereby mitigating local droughts. In addition, for inland drylands
(Figures 3h and 3i), increased SM promotes an increase in evapotranspiration, which would provide more
favorable water vapor conditions for precipitation generation. However, the SM anomaly effect also drives a more
substantial reduction in MC. This net reduction in MC, outweighing the benefits of the increased evapotrans-
piration, leads to less precipitation and further exacerbating the decrease in P‐E.

Figure 2. Mechanisms of the Soil moisture (SM) anomaly effects on surface water availability in the nearshore and inland drylands. (a) SM anomaly effects on changes
in precipitation, evapotranspiration, moisture convergence (MC), and the thermodynamic, dynamic, and nonlinear terms of MC in the nearshore drylands between
1980–2014 and 2066–2100. (b) The same as (a) but for the inland drylands. The error bar shows the standard deviation of each variable in the 6 models.
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In summary, atmospheric moisture budget diagnosis reveals divergent mechanisms of SM anomaly effect in
nearshore and inland drylands under a warmer future: drier SM promotes increased P‐E in nearshore drylands,
whereas wetter SM inhibits P‐E in inland drylands. These contrasting pathways are mediated by changes in MC.

4. Conclusion and Discussion
Previous studies have found that decreasing SM drives MC in drylands (Qing et al., 2023; Zhou et al., 2021).
However, due to the known difficulties in transporting moisture to inland regions of drylands, it remains uncertain
whether the same mechanism applies. To fully understand this gap, our study analyzes the underlying hetero-
geneity of the impacts of SM on P‐E in both nearshore and inland of drylands. Therefore, in this research, we
examine that the influence of SM on P‐E in nearshore and inland of drylands through model comparison between
CMIP6 and LFMIP‐pdLC experiment, and the atmospheric moisture budget diagnosis.

Utilizing six models which participate in the LFMIP‐pdLC experiment between 1980–2014 (historical simula-
tion) and 2066–2100 (SSP585 simulation), comparing the SM anomaly effect obtained from the CMIP6 and
LFMIP‐pdLC experiments (Figure 1), and then analyzing the atmospheric moisture budget diagnosis of the SM
anomaly effect (Figures 2 and 3), we can find distinct effects of SM on P‐E in nearshore and inland drylands and

Figure 3. Mechanisms of the Soil moisture (SM) anomaly effects on surface water availability in different regions of the nearshore and inland drylands. (a, b) The spatial
distribution of typical regions in the nearshore and inland drylands. (c) SM anomaly effects on the changes in precipitation, evapotranspiration, moisture convergence
(MC), and the thermodynamic, dynamic, and nonlinear terms of MC in southwestern United States between 1980–2014 and 2066–2100. (d–i) The same as (c) but for
southern South America, southern Africa, the Mediterranean coast, Australia, the Sahel, and the Middle East Asia, respectively.
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further draw the conceptual diagram (Figure 4). For nearshore drylands (Figure 4a), a reduction in SM results in a
decrease in evapotranspiration but also triggers a greater convergence of moisture from the ocean to these areas.
The elevated MC partially offsets the decline in precipitation, leading to a more pronounced decrease in
evapotranspiration relative to precipitation and consequently increasing the P‐E, which contributes to local
drought mitigation (Delgado‐Baquerizo et al., 2013; Tripathi et al., 2024; Yao et al., 2023). And conversely, in
inland drylands (Figure 4b), an increase in SM causes evapotranspiration to enhance, while MC decreases.
Because the substantial reduction in MC completely offsets the precipitation resulting from the increase in
evapotranspiration, there is a net decrease in precipitation. Accordingly, the reduction in the P‐E is amplified.

Nearshore drylands, due to their proximity to the ocean, benefit from a continuous supply of external water vapor
(Abbott et al., 2019; Oki et al., 2004; Palmer, 2014). This dominance of the external water cycle is conducive to an
increase in MC. However, inland drylands are more dependent on local water vapor, resulting in a dominance of
the internal water cycle and restricting potential increase of MC. Despite our specific choice of 500 and 1,000 km
to define the nearshore and inland drylands, this finding remains robust. We observe highly consistent conclu-
sions when trying alternative demarcation criteria, such as 200 nautical miles and 800 km, reinforcing the results
presented in this paper (Figure S3 in Supporting Information S1). Due to nonlinear interactions and model un-
certainty, we have not considered local components and have not separated the effects of evapotranspiration on
precipitation facilitation or suppression, but this limitation does not affect the main conclusions. We will try to
address related issues in the future. Additionally, addressing the challenges of water resource management and
climate change adaptation in the face of intensifying drought requires both accurate models capable of generating
reliable P‐E predictions (IPCC, 2023; Piedrahita et al., 2024; Yin et al., 2023) and a deeper understanding of the
complexity of P‐E dynamics in inland drylands. While idealized hydrological models may suggest a tendency
toward a stable P‐E value, observations reveal a far more intricate reality. This complexity is actively studied by
other researchers (Konapala et al., 2020; Zhou et al., 2021, 2022), whose work provides vital scientific insights
that underpin effective water resource management, ecological conservation, and climate change adaptation.

Figure 4. Conceptual representation of soil moisture anomaly effects on surface water availability in the nearshore and inland drylands. (a) Nearshore drylands: Soil
desiccation induces a decrease in evapotranspiration, while simultaneously promoting the convergence of moisture from the ocean, thereby elevating atmospheric
moisture and partially mitigating the decline of precipitation. (b) Inland drylands: Although soil moistening contributes to an increase in evapotranspiration, the
decreased convergence of moisture leads to a more pronounced decline in precipitation.
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