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Land aridification persists in vulnerable
drylands under climate mitigation
scenarios
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Understanding how climate systems respond to carbon dioxide removal is crucial for assessing
effectiveness of carbon neutrality policies. Here we show that rising carbon dioxide intensifies aridity
over vast regions, particularly in vulnerable and climate-sensitive drylands based on idealized
emission-driven simulations from an Earth System Model. Notably, even as carbon dioxide
concentrations decline, arid regions continue to expand and experience worsening conditions,
exacerbating climate injustice and resource conflicts. This pronounced hysteresis is primarily driven
by long-lasting precipitation reductions in the tropics, linked to hysteresis of the intertropical
convergence zone. The asymmetric response of arid zones suggests that reversing aridity
intensification under global warming is exceptionally difficult. Further analysis highlights that negative
carbon dioxide emissions may be essential to mitigating these deteriorating conditions, yet full
recovery requires extended timescales. Our findings underscore irreversible risks of delayed action
and stress the urgent need for carbon neutrality strategies that go beyond net-zero targets.

The intensification of the terrestrial water cycle has become one of themost
substantial consequences of global warming, closely linked to a range of
urgent challenges for both humans and the natural environment. These
challenges include water scarcity, ecosystem degradation, and the resulting
decline in land carbon storage capacities1–5. From a global perspective, total
precipitation (P) is projected to increase by 1 to 3% per degree of surface
warming according to the atmospheric energy budget6–8. However,
this increase is counterbalanced by a rise in land evaporative demand
measured as potential evapotranspiration (PET). This imbalance between
moisture supply and demand is reflected in the declining Aridity Index
(AI = P/PET, where both P and PET are based on annual total values) over
recent decades9–12, indicating worsening drying trends across many land
areas13,14.

Drylands cover nearly 47% of the global land area and are inhabited by
more than one-third of the world’s population15. A recent study highlights
that climate model simulations have overestimated moisture availability
over many arid and semiarid regions, failing to account for the increasing
atmospheric demand, thereby amplifying concerns about an even drier

future for these vulnerable areas16. Such changes are expected to shift more
global land areas toward drier climate types, leading to an expansion of
drylands17–19. Several model projections indicate that drylands could cover
almost half of the global territory by the end of this century under a high
emission scenario1,11,12. Compared to a 1.5 °Cwarmer climate, a 4 °Cwarmer
scenario would push an additional 11.2% of the continental area into drier
types, exacerbating water scarcity and exposing more people to challenges
such as severe droughts, land degradation, and desertification11.

To mitigate global warming-related risks, including the increased
terrestrial aridity, the 2015 Paris Agreement established a long-term goal of
limiting global warming to well below 2 °C and preferably to 1.5 °C above
the preindustrial level20. Aiming at this target, many literatures have
emphasized the need not only for conventional mitigation through reduc-
tions in CO2 emissions but also for negative emissions via carbon dioxide
removal (CDR) technologies21–25. However, some studies have highlighted
key challenges in deploying negative emissions technologies, including
uncertainties about hownatural land andocean carbon sinkswill respond to
negative emissions23,26–28. In particular, potential side effects are more likely
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to be detrimental to low-emitting communities, such as those in drylands,
which are highly sensitive and vulnerable to rapid climate changes26.

From this perspective, CDR-related pathways have been extensively
evaluated from various perspectives with a key focus on the reversibility and
hysteresis of climate responses24,29–34. Both global mean precipitation and
temperature have been suggested to be generally reversible to CO2 changes,
but exhibit hysteresis characteristics at regional scales35–38. This naturally
raises a critical question: Is global warming-induced drying in drylands
reversible? If so, how rapidly can aridity recover in these regions under
various climatemitigation scenarios? Furthermore, what physical processes
govern the resilience of dryland aridity?

To address these issues, idealized emission-driven simulations were
conductedunder two scenarios: net-zero (Exp_zero) andnegative emissions
(Exp_neg) (see Methods and Fig. 1a). We analyzed changes in aridity
intensity across the global territory during the ramp-up, ramp-down, and
recovery phases of CO2 concentrations, with a particular focus on differ-
ences between various climate zones. Our findings indicate that global
warming exacerbates arid conditions across vast regions worldwide, sig-
nificantly intensifying dryness threats in already arid areas. These arid lands
continue to growdrier and expandevenwhenCO2 levels decline, presenting
a formidable challenge to reversing the worsening aridity. Further analysis
suggests that negative emissions may be necessary to alleviate these aggra-
vated aridity conditions caused by global warming.

Results
Terrestrial aridity changes with consistent CO2 increase
During the ramp-up period, rising CO2 concentrations gradually increase
terrestrial near-surface air temperature (SAT) from the initial state to
its peak (Fig. 1a, b). This warming further intensifies the hydrological
cycle9,39–41, resulting in an upward tendency in both the global mean pre-
cipitation and PET amount (Fig. 1b). However, because land warms more
quickly than the oceans, the humidity of the incoming air originating from
oceans does not rise enough tomaintain constant relative humidity, leading
to an overall decline across the global territory42,43. As a result, the saturation
deficit—the difference between actual and saturation water vapor content,
which is a key driver of PET, increases at a much faster rate than
precipitation9,42–44. This is reflected in the continuous AI decline (Fig. 1c),
pointing to a general intensification of aridity in a warming world.

By the time CO2 concentrations peak (MAX, 2093–2122), the global
terrestrial mean precipitation and PET amount also reach local maxima
(Fig. 1b). The PET’s dominant effects for the aridity result in the most severe
drying conditions for the entire simulation period (Fig. 1c). In general,
precipitation responses exhibit a heterogeneous spatial pattern with increases
concentrated in mid-to-high latitudes and decreases in the tropics (Supple-
mentary Fig. 1b). Global warming intensifies precipitation in mid-to-high
latitudes due to increased atmospheric moisture and a poleward shift of
storm tracks45,46. In contrast, drying emerges over subtropical drylands such
as North Africa, driven by an expanding Hadley circulation47,48, and across
tropical monsoon regions in North and South America where a weakened
Walker circulation suppresses convection49,50. However, the widespread PET
increases driven by warming outpace the precipitation gains in mid-to-high
latitudes, leading to significant AI drops over most of the global territory
(Supplementary Fig. 1). Notably, the most remarkable AI drops are con-
centrated over the tropical arid zones, indicating an even drier future for
those drylands, as consistently demonstrated in previous studies1,16,51.

Terrestrial aridity response to net-zero and negative CO2

emissions
After the peak, the emission pathways start to diverge in these two scenario
experiments. Under Exp_zero, the atmospheric CO2 concentration declines
steadily with the onset of the zero emissions (Fig. 1a). Correspondingly, the
global terrestrial mean SAT decreases until around 2250 but then rises
slightly and ultimately remains above the initial state (Fig. 1b). Several
simulations have suggested that the Atlantic Meridional Overturning Cir-
culation (AMOC) plays a critical role in this SAT overshoot: while AMOC

weakens in response to the increasing CO2, it gradually strengthens during
the decreasing period with the partial recovery of the northward heat
transport, contributing to the subsequent SAT increase29,52–54. Regarding this
SAT overshoot, several studies have reported a spread in model behaviour
following the cessation of emissions, highlighting the warming effects of
reduced ocean heat uptake—though these are partly offset by continued
carbonuptakeby theocean and terrestrial biosphere25,55. Additionally, deep-
ocean warming induces a sea surface temperature (SST) anomaly pattern
that further contributes to the SAT overshoot30. The precipitation and PET
show fairly in-phase variations with the SAT, featuring a decreasing and
then increasing tendency (Fig. 1b). These combined impacts lead to a
modest AI increase by the end of Exp_zero (Fig. 1c).

In the Exp_neg scenario, the SAT shows a sharp decline after the CO2

peak, coinciding with a steep drop in atmospheric CO2 concentration.
However, it quickly transitions into a rising phase during the restoring
period (RS, 2301–2400), despite the subsequent zero emissions (Fig. 1a, b).
This rebound is closely related to the more rapid recovery of the AMOC
compared to that in Exp_zero (Fig. 1c). Following the CO2 peak, both the
precipitation andPETexperience an abrupt decline in the course of theCO2

ramp-down, then reversing to an increasing tendency once the zero CO2

emissions begin (Fig. 1b). During the ramp-down phase, the PET responds
faster than precipitation to the decreasing CO2 concentrations as is in the
ramp-up case, thereby alleviating the global terrestrial aridity conditions
indicated by a sharp increase in AI (Fig. 1c). Under subsequent zero
emissions, the precipitation increase accelerates in association with the
AMOC’s recovery. Nevertheless, the recovery remains stagnant, failing to
restore the AI to its original state (Fig. 1c).

It is worth noting that despite the approximately linear response of
both precipitation and PET to CO2 forcing, the ramp-down phase is
characterized by relatively lower precipitation and higher PET compared to
the ramp-upphase, evenat equivalentCO2concentrations.These combined
effects result in a drier climate characterized by lower AIs as CO2 declines,
highlighting a general hysteresis in the terrestrial mean aridity response.

Hysteresis of terrestrial aridity to CO2 forcing
Given the notable differences in climate sensitivities across various climate
zones,wewill next explore the aridity response for specific climate sub-types
(Supplementary Fig. 2), focusing on hysteresis and reversibility character-
istics.Notable diversities exist in the aridity response across different climate
zones, with the arid zone exhibiting unique characteristics compared to
others (Fig. 2). Both precipitation and AI in the arid zone demonstrate
distinctive behaviors during the ramp-up and ramp-down phases
(Fig. 2a, e). Although precipitation initially increases during the ramp-up,
consistent with the global-average trend, it subsequently declines, and this
decline becomes more pronounced during the ramp-down phase (Fig. 2e).
Meanwhile, thePETshowsa relativelyweakhysteresis feature, and its overall
magnitude remains higher during the ramp-down phase (Fig. 2f). These
factors together result in a dramatic AI decline during the ramp-up phase,
which continues during the ramp-down phase but at a slower rate, revealing
a consistently worsening aridity for the arid zone (Fig. 2a). In accompany
with this distinctive AI hysteresis, the corresponding area of the arid zone
expands sharply during the ramp-up, and this expansion consists until the
latter half of the ramp-down phase, also featuring an apparent hysteresis
behavior (Fig. 1c). This behavior contrasts sharplywith theminimal changes
in arid zone area under the Exp_zero scenario following zero emissions.

In comparison, other climate zones show roughly linear hydrological
response to CO2 forcing, but all are subject to drier climates in the ramp-
down period similar to the global terrestrial mean (Fig. 2b–d and Supple-
mentary Fig. 4). The semiarid zone shows a sharp reduction in area once
CO2 emissions decrease, eventually shrinking below its initial extent.
Meanwhile, the dry subhumid and humid zones display a more symmetric
response toCO₂ forcing (Supplementary Fig. 3). It is worth noting that even
slightAI changes can trigger severe aridity issues, given the narrowAI range
used to define climate categories. These findings highlight that even if CO2

levels are restored to their original levels, the amplified aridity caused by
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Fig. 1 | Temporal evolution of temperature, precipitation, and aridity index (AI)
in idealized net-zero (ZE) and negative emissions (NE) scenarios. a Time series of
atmospheric CO2 concentration (black lines) and anthropogenic CO2 emissions (purple
lines) under ZE (dashed lines) and NE (solid lines). The four gray boxes denote key
phases: 2001–2030 (reference period, REF), 2093–2122 (CO2 peak phase, MAX),
2168–2197 (late CO2 ramp-down phase, RD), and 2301–2400 (restoring period, RS),
respectively. b–cTime series of the global terrestrial average surface air temperature (SAT;
red lines), precipitation (PRE; blue lines) and potential evapotranspiration (PET; gray

lines) (b), AI (purple lines), areal coverage of the arid zone (percentage of the mean arid
area during the REF period; orange lines) and the Atlantic Meridional Overturning
Circulation (AMOC) strength (green lines) (c). The AMOC strength is defined as the
average of the annual meanAtlanticmeridional ocean stream function within 35–45°N at
a depth of 1000m. All lines depict annual means smoothed with an 11-year running
mean. Thick lines and shading indicate ensemblemeans and the corresponding ensemble
standard deviation (± 1σ) range, respectively. SAT, PRE, PET, and AI are shown as
anomalies relative to the REF period.
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global warming may not be fully reversed, posing a particular threat to arid
regions plagued by long-term water scarcity issues.

To emphasize this hysteresis behavior, we further examined the dif-
ferences in the response pattern between the late ramp-down (RD,
2168–2197) and the reference period (REF, 2001–2030), both of which are
characterized by the same CO2 levels (Fig. 3). During the late ramp-down,
the tropics and extensive high-latitude regions in theNorthernHemisphere
experience reducedprecipitation but increasedPET (Fig. 3b, c), and thus are
subject to more severe aridity issues compared to the REF period (Fig. 3a).
The enhanced PET in the far north is likely associated with Arctic ampli-
fication, which intensifieswarming and surface energyfluxes in the region56.
In contrast, regions in North and South America show increased pre-
cipitation and reduced PET (Fig. 3b, c), collectively alleviating local aridity
conditions (Fig. 3a). Consistent with the pronounced hysteresis behavior
observed in the arid zone, the exemplified aridity issues in the ramp-down
period, together with reduced precipitation show the most remarkable
signals across widespread arid zones in the tropics (Fig. 3a).Notably, similar
precipitation responses are consistently identified in model simulations
from the sixth phase of theCoupledModel IntercomparisonProject, further
reinforcing the reliability and robustness of our results57–59.

This widespread drying pattern in the tropics is closely related to the
hysteresis in the latitudinal displacement of the intertropical convergence
zone (ITCZ) in response to CO2 forcing

29,60,61. We tracked the ITCZ’s lati-
tudinal shift using the precipitation centroid index (Pcent), which represents
themedian zonal-mean precipitation in the tropics62–64 (Methods). The ITCZ
remains stable until 2050, after which it gradually shifts southward and
eventually settles in the Southern Hemisphere by the end of the ramp-down
phase (Supplementary Fig. 5). This shift contributes to widespread drying in
the tropics (Fig. 3a, b)29,61,65. The hysteresis in the ITCZ is closely related to the

distribution of tropospheric temperatures in the tropics29,60, which influence
the ITCZ’s movement by modulating the cross-equatorial energy flux19,66,67.

Currently, the Northern Hemisphere (NH) is warmer due to factors
such as land–ocean asymmetry, Antarctic cooling, and northward heat
transport via the AMOC68. Within the tropics (30°S–30°N), the temperature
contrast fluctuates slightly in the early ramp-up phase before 2050, but
begins to decline thereafter, continuing until the end of the ramp-down
(Supplementary Fig. 5a). During the ramp-up, the weakening AMOC con-
tributes to this process by reducing northward heat transport, which offsets
the faster warming in the NH tropics during the early decades and gradually
dominates the decrease in the interhemispheric temperature contrast after
2050. In the ramp-down phase, the temperature contrast continues to shrink
(Supplementary Fig. 5a), mainly attributed to the ongoing AMOC weak-
ening and delayed cooling in the Southern Ocean29,60,61. This shift in hemi-
spheric temperature contrasts closely tracks changes in Pcent, further
supporting its connection to the ITCZ’s hysteresis response.

This ITCZ hysteresis has profound impacts on the global hydrological
cycle, intensifying drying conditions in the tropics (Fig. 3a, b)29,61,65. In this
context, the arid zone for the RD period expands by nearly 6% relative to the
REF baseline (Fig. 1c). This exacerbates the potential crisis of land degrada-
tion and desertification. The even drier climate and more widespread cov-
erage of arid regions are particularly concerning, given the fragile ecological
environments in these areas that are highly sensitive to fluctuations in dry and
wet conditions69–71.

Reversibility of amplified terrestrial aridity under negative
emissions
To investigate whether the exemplified aridity driven by global warming
could revert to the initial state, changes in the RS period are further

a b c d

e f

Fig. 2 | Evolution and hysteresis of AI across different climate zones.
a–d Hysteresis of the domain-averaged AI anomalies relative to the REF period
(2001–2030) corresponding to the CO2 concentration in the arid (a), semiarid (b),
dry subhumid (c) and humid (d) zones. e, f The same as (a), but for precipitation (e)
and PET (f) in the arid zone, respectively. All calculations were performed after

applying the 11-year running mean. Lines and dots indicate ensemble mean and
ensemble spread, respectively, with the same colors representing one specific period
in regard to the CO2 evolution (red: increasing CO2 period; blue: decreasing CO2

period in Exp_neg (NE)).
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Fig. 3 |Hysteresis of the global terrestrial hydrological cycle. a–cDifferences in the
terrestrial AI (a), precipitation (b), and PET (c) between RD (2168–2197) and REF
(2001–2030) in NE for the ensemble mean. The differences are presented as per-
centage anomalies relative to the REF period. All calculations were performed after
applying an 11-year runningmean. Regions enclosed by red and blue lines represent

the climatological mean domains of the arid and humid zones for REF, respectively.
The dotted areas are where the ensemble mean results exceed the 95% confidence
threshold based on a two-tailed Student’s t-test. Statistically significant results are
corrected for false discovery rate (FDR; αFDR = 0.1; Methods).
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examinedunder the two emission pathways. Under Exp_zero, theAI shows
similar patterns to those in the MAX period with domain-wide deteriora-
tion in aridity conditions (Fig. 4a). Under these circumstances, all the
involved climate zones are subject tomore severe aridity issues compared to
the REF period (Fig. 4b, c, e, f). Notably, following the CO2 peak, the
precipitation in the tropical arid regions north of the equator declines fur-
ther due to the continuous southward shift of the ITCZ29, as opposed to the
increasing signals observed in other regions (Supplementary Fig. 6c).
Meanwhile, PET exhibits increasing trends in the tropical arid regions near
the equator and in southern Africa, in contrast to the widespread decreases
across the Northern Hemisphere (Supplementary Fig. 6e). In this context,
the overall aridity of these arid zones intensifies further, even surpassing the
conditions observed during the MAX period under this scenario (Supple-
mentary Fig. 6a). Additionally, the extent of the arid zone also remains
comparable to that of the MAX period (Fig. 1c). For other climate zones,
though the AI increases to varying extents after the CO2 peak, the aridity
conditions remain worse than during the REF period (Fig. 4a). These
findings highlight the limited effectiveness of the zero emissions in miti-
gating global terrestrial aridity, and underscore the potential for adverse
impacts on arid regions already grappling with long-term water scarcity
crises.

In terms of the RS period of Exp_neg, the areal coverage of drier-than-
initial conditions sharply decreases by nearly 24% compared to Exp_zero
(Fig. 4d).At this stage, thehydrological response exhibits spatially consistent
features: higher-than-initial PET dominates most global land areas,
accompaniedbywidespreadprecipitation increases (Supplementary Fig. 7b,
d). Exceptions to this pattern include localized precipitation decreases over
the equatorial tropics, South Africa, and Australia. In the northern hemi-
sphere, precipitation increases generally exceed those of PET, resulting in
extensive aridity conditions significantly improved beyond the initial state
(Fig. 4d). In contrast, much of the Southern Hemisphere experiences a
combination of precipitation decreases and PET increases, which together

impede recovery to the initial state. Compared to the MAX period, the
intensified aridity conditions during the RS period are broadly alleviated,
primarily due to the combined effectsof increasedprecipitationand reduced
PET (Supplementary Fig. 6b, d, f).

Note that under Exp_neg, most climatologically drylands (i.e., arid,
semiarid, and dry sub-humid zones) appear to eventually return to or even
surpass their initial wetness levels. This even includes tropical arid regions
that exhibit pronounced aridity hysteresis underCO2 forcing (Fig. 4d), with
the corresponding extent eventually reversed back to the initial level
(Fig. 1c). Analyzing aridity trends within specific climate zones provides
deeper insights into this phenomenon. In arid and semiarid zones, pre-
cipitation increasesoutpace the rise inPET, facilitating a transition tooverall
wetter-than-initial conditions in these climate-sensitive and ecologically
vulnerable areas (Fig. 4b, c). In the dry subhumid zone, precipitation and
PET ultimately increase at roughly comparable rates, sustaining conditions
close to the initial state (Fig. 4e). By contrast, in the humid zone, pre-
cipitation gains are eventually counterbalanced by rising PET, preventing
recovery to the initial state (Fig. 4f). These findings highlight a clear dif-
ference between the two emission scenarios. While net-zero emissions may
stabilizeCO₂ levels, they are insufficient to reverse aridification, especially in
regions facing long-term water stress. In contrast, negative emissions not
only slow further drying but also help restore past losses, offering a more
effective path to recover hydrological balance and strengthen climate
resilience.

Discussion
It has been well documented that global warming substantially affects ter-
restrial aridity, particularly in drylands with vulnerable ecosystems that rely
heavily on dry-wet conditions1,3,19. In recent decades, persistent warming
driven by greenhouse gas emissions has profoundly altered regional water
cycles in these climate-sensitive areas, even triggering tipping points that
could push local climates into potentially irreversible states19. Given these

a b c

d e f

(%)

(%)

Fig. 4 | Changes in the global terrestrial hydrological cycle under net-zero and
negative emissions. a, d Changes in the global terrestrial AI in the RS period under
ZE (a) and NE (d) for the ensemble mean. Dots indicating changes significant at the
95% confidence level based on a two-tailed Student’s t-test, with corrections for the
FDR (αFDR = 0.1; Methods). b, c, e, f Ensemble mean changes in the regional
average AI (bars), AI dominated by precipitation (AI_PRE) (blue dots), AI

dominated by PET (red dots) during MAX (2093–2122), RS (2301–2400) under
net_zero (RS_ZE) and negative emissions (RS_NE) for arid (b), semiarid (c), dry
subhumid (e) and humid zones (f), respectively. All calculations were performed
after applying the 11-year running mean. Whiskers around dots represent ±1 stan-
dard deviation of the corresponding model spread. Changes in (a) and (d) are
presented as percentage anomalies relative to the REF period (2001–2030).
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potential detrimental consequences, the reversibility and hysteresis have
received increasing attention and have already become hotspots in climate
change research.

In this study, we mainly utilized two idealized emission-driven simu-
lations to compare the aridity response to CO2 forcing across different
climate zones. Consistent with previous studies, the increasing CO2 leads to
a significant deterioration in aridity conditions for the widespread land
surface,with themost pronounced signals concentrated over the alreadydry
lands. In particular, the arid zone consistently expands and experiences
worsening aridity even in the ramp-down phase, featuring a remarkable
hysteresis behavior. This is mainly due to the hysteresis behavior of the
ITCZ, which leads to sustained precipitation decreases over widespread
tropical arid regions as CO2 ramps up and ramps down, resulting in aridity
hysteresis27. Though other climate zones show relatively weak hysteresis,
their aridity conditions are generally amplified during ramp-down com-
pared to ramp-up. These results together highlight that the worsening
aridity driven by globalwarmingmightnot be fully recovered evenwhen the
CO2 returns to its initial state. In particular, the recovery is highly chal-
lenging for arid zones strugglingwith long-termwater scarcity issues, where
strong hysteresis exists concerning the aridity response.

In order to examine whether the worsening aridity could eventually
revert to initial conditions, we further examined the restoring period under
the two emission scenarios. Our findings indicate that although net-zero
emissions may stabilize atmospheric CO₂, aridity may still intensify in arid
regions as a consequence of the lingering effects of past high emissions. In
contrast, negative emissions demonstrate significant potential to mitigate
aridity issues over widespread areas, particularly in arid and semiarid
regions. These results suggest that achieving net-zero emissions alone may
be insufficient tomitigateworsening aridity drivenby globalwarming,while
additional carbon removal measures could offer more substantial benefits,
albeit requiring an extended period for full recovery.

Our findings underscore the pronounced hysteresis of aridity within
dry zones, distinguishing it from the relativelymore responsive dynamics of
mean temperature and precipitation. This difference highlights the deep-
rooted persistence of arid conditions, even under shifting climatic baselines.
Such damage may far exceed prior estimations, as the slow recovery of arid
ecosystems further amplifies vulnerabilities. While model projections
indicate that negative emissions could potentially reverse aridity changes,
the timescales required are likely to span decades, during which substantial
and potentially irreversible ecosystem degradation may occur. These
insights emphasize the cascading effects of delayed action in climate miti-
gation, where the consequences of inaction become increasingly irreversible
over time. Given the narrowing window of opportunity to avert the worst
outcomes, our study strongly suggests that immediate anddecisive efforts to
reduce greenhouse gas emissions are critical to minimizing the risks asso-
ciated with long-term aridity and ecosystem degradation.

Methods
Datasets and experimental design
To examine the response of the global terrestrial aridity to net-zero and
negative CO2 emissions, we utilized the Community Earth SystemModel 2
(CESM2) to conduct idealized emission-driven simulations. CESM2 inte-
gratesmultiple components: the atmosphere (TheCommunityAtmosphere
Model version 6, CAM6), ocean (The Parallel Ocean Program version 2,
POP2)72,73, sea ice (The Community Ice CodE version 5, CICE5)74, and land
models (The Community LandModel version 5, CLM5)72. Both the CAM6
and CLM5 share a horizontal resolution of ~1° with 32 vertical levels, while
POP2 andCICE5 operate at a nominal 1° horizontal resolution (meridional
resolution ~0.27° near the equator) and 60 vertical ocean levels. The CLM5
features terrestrial carbon and hydrological cycles, while the Marine Bio-
geochemistry Library characterizes ocean carbon cycles in CESM275.

With the assumption of gradual emission reductions enabled by CDR
technologies, we conducted two idealized emission-driven simulations—
Exp_zero and Exp_neg—to ensure the continuity and feasibility of CO2

emissionpathways.During thepositive emissionphase (2000–2050) inboth

experiments, anthropogenic CO2 emissions increase at a similar rate to the
SSP5-8.5 scenario trajectory (1.09GtCO2 increase per year). Emissions then
decline at the same rate until 2123 (~1500 Pg C of total cumulative emis-
sions).After that, the pathwaysdiverge: inExp_zero, zeroCO2 emissions are
maintained through the end of the simulation; in Exp_neg, CO2 emissions
continue to decline at the same rate until atmospheric CO2 returns to its
initial level (~383 ppm) by 2197, after which emissions are held at
zero (Fig. 1a).

Under the emission-driven experiment design, atmospheric CO₂
concentrations in the model are shaped not only by prescribed anthro-
pogenic emissions but also by the responses of terrestrial andoceanic carbon
sinks. In this study, atmospheric CO₂ reaches a peak around the year 2107,
when anthropogenic emissions are effectively balanced by natural carbon
uptake. Thereafter, CO₂ levels gradually decline, sustained by continued net
uptake by land and ocean carbon sinks76. For non-CO2 conditions, such as
land use and greenhouse gas forcings other thanCO₂, they are held constant
at their year 2000 level. To account for uncertainty, we employ nine
ensemble members initialized with slightly different initial states.

Furthermore, we used observational datasets to assess the models’
performance in simulating climatological aridity conditions globally. Spe-
cifically, we utilized monthly mean precipitation and PET data from the
Climatic Research Unit (CRU TS v. 4.08), with a horizontal resolution of
0.5°77. Overall, the ensemble mean of the models effectively reproduces the
key characteristics of the observed geographic distribution of aridity con-
ditions (Supplementary Fig. 2).

Definition of indices
We first calculated PET using the widely-used Penman-Monteith
algorithm1,4,13,78,79. This method incorporates multiple variables closely
related to the evaporative process, includingnet radiation, relative humidity,
wind speed, temperature, and vegetation characteristics. Subsequently, we
used the AI—the ratio of annual precipitation to PET—to evaluate terres-
trial aridity degrees1,9,12. TheAI reflects the balance betweenmoisture supply
and demand and is commonly employed to classify land surfaces into
distinct categories based on dryness and wetness: arid (AI < 0.2), semiarid
(0.2 ≤AI < 0.5), dry subhumid (0.5 ≤AI < 0.65) and humid (AI ≥ 0.65)
zones1,80. The first three categories with AI smaller than 0.65 are typically
considered drylands12,81,82.

For a given region, lowerAI values indicate drier climates, while higher
values correspond to more humid conditions. Although the AI is a
dimensionless index, small changes in its value can have distinct ecological
and hydrological implications depending on the baseline aridity level of a
region1,11,12. This highlights the importance of interpreting AI anomalies in
conjunction with their baseline climatic context and zonal classification.
This quantitative index is particularly effective for tracking long-term shifts
in aridity and persistent drought conditions1,83,84.

To better quantify the relative contributions of precipitation and PET
to changes inAI,we calculated twoadditional indices:AI_PREandAI_PET.
These indices isolate the impact of each variable on AI evolution. AI_PRE
represents the AI evolution driven solely by precipitation, with PET held
constant at itsmeanvalue from theREFperiod.Conversely,AI_PETreflects
AI changes driven solely by PET, with precipitation fixed at its REF period
mean. This approach provides a clearer understanding of how each factor
individually influences aridity dynamics.

The precipitation centroid is calculated as the median latitude where
the annual zonal-mean precipitation in the tropics (from 20°S to 20°N) is
evenly divided62–64. To improve the resolution of the centroid, the pre-
cipitation data are interpolated onto a 0.1° grid over the tropical region,
allowing for more precise determination at smaller intervals than the ori-
ginal grid spacing.

Statistical significance testing
We primarily employed the 9-member ensemble mean to identify spatial
differences across multiple time periods under the emission-driven
experiments. The significance of these differences was assessed using a
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two-tailed Student’s t test. Tomitigate potential spurious significance arising
from spatial autocorrelation, we applied the Benjamini–Hochberg false
discovery rate (FDR) correction (αFDR = 0.1)85, which corresponds to a
global significance level of α = 0.0586.

Data availability
The processed data and code used to generate the results in this study are
available in the Zenodo database (https://doi.org/10.5281/zenodo.
15872988)87.

Code availability
Custom codes used for constructing all the figures are available in the
Zenodo database (https://doi.org/10.5281/zenodo.15872988).
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