
R E S E A R C H Open Access

Geoscience Letters

© The Author(s) 2026. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

Su et al. Geoscience Letters           (2026) 13:16 
https://doi.org/10.1186/s40562-026-00466-1

Introduction
Drought is one of the most frequent and devastating 
natural disasters in China, exerting profound impacts on 
agricultural security, water resource management, and 
socioeconomic development (Chen et al. 2021; Wang et 
al. 2023; Xue et al. 2024). Severe droughts occur almost 
every year in China (Huang et al. 2023; Li et al. 2023). 
For instance, a prolonged winter-spring drought in 
Southwest China during 2009–2010 affected more than 
20  million people and caused direct economic losses of 
approximately 30  billion USD (Yang et al. 2012). Simi-
larly, Eastern China in summer 2013 (Xia et al. 2016) and 
North China in summer 2014 (Wang and He 2015) also 
experienced severe droughts. More recently, the record-
breaking extreme heat and drought event in the Yangtze 
River Basin in 2022 affected nearly 40 million people and 
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Abstract
Understanding regional drought responses to CO2 removal is critical for carbon-neutral pathways, yet remains 
poorly understood for China. To address this gap, we developed a bias-corrected and spatially downscaled SPEI 
dataset from multi-model CO2 removal experiments to evaluate drought evolution, driving mechanisms, and 
event characteristics (frequency, duration, and severity) across China and its subregions. The results reveal a lagged 
drought response of 5–10 years to rapid CO2 removal, after which conditions gradually improve. This mitigation is 
accompanied by less frequent, shorter-duration, and less severe drought events. Notably, extreme droughts show 
alleviation primarily through reduced persistence and intensity. Attribution analysis shows distinct regional controls: 
arid zones are dominated by potential evapotranspiration (PET), semi-arid and semi-humid regions by precipitation, 
while humid regions are jointly governed by precipitation and its nonlinear interaction with PET. Critically, 
even after CO2 returns to pre-industrial levels, drought recovery is incomplete and regionally heterogeneous, 
with persistent residual effects in some areas contrasting with over-recovery in others. These findings highlight 
that climatic inertia fundamentally constrains CO2 removal from rapidly reversing regional drought risks, while 
pronounced spatial heterogeneity necessitates region-specific adaptation strategies in designing carbon-neutral 
pathways.
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resulted in direct economic losses of 32.8  billion CNY 
(MEMC 2022). Projections suggest China’s economic 
losses would reach ten times the historical baseline at 
1.5 °C of warming, and several billion dollars more at 2 °C 
(Su et al. 2018). Therefore, a comprehensive assessment 
of future drought evolution under climate change scenar-
ios is crucial for developing effective regional adaptation 
policies and ensuring national food and water security.

Under global warming, increased atmospheric water 
vapor content may intensify the hydrological cycle, lead-
ing to increases in both mean and extreme precipita-
tion over China (Held and Soden 2006; Shu et al. 2024; 
Chen et al. 2024). However, enhanced evapotranspira-
tion driven by rising temperatures may offset or even 
outweigh precipitation increases (Huang et al. 2023), 
resulting in more frequent and severe droughts across 
most regions in China (Wan et al. 2023; Xue et al. 2024). 
Since the beginning of the 21st century, drought events 
have intensified nationwide (Jin et al. 2025). While north-
ern China remains drought-prone, southern China has 
also exhibited a pronounced drying tendency in recent 
decades (Han et al. 2021). If global warming continues, 
extreme droughts defined under present-day climate 
conditions are projected to become the future norm (Ste-
venson et al. 2022). Such drying trends are particularly 
evident over southern China and are primarily attrib-
uted to surface warming (Chen et al. 2023). The Yangtze 
River basin is expected to experience longer-lasting and 
more intense drought events (Su et al. 2021). Moreover, 
long-lasting and severe droughts are projected to become 
more frequent not only in Northwest and Central China 
(Xue et al. 2024), but also in the transitional climate zone 
(Piao et al. 2021).

To address climate change challenges, many countries 
have committed to achieving net-zero CO2 emissions 
at various points this century (CAT 2025), with CO2 
removal (CDR) technologies viewed as a critical pathway 
toward achieving net-zero or even negative emission tar-
gets (Iyer et al. 2021; Kazemifar 2022; Smith et al. 2024). 
To advance scientific understanding of climate system 
responses under the CDR scenario, the Carbon Dioxide 
Removal Model Intercomparison Project (CDRMIP) was 
initiated (Keller et al. 2018). Previous studies have shown 
that climate responses to CDR are strongly modulated by 
the ocean’s large thermal inertia (Wu et al. 2015; Kim et 
al. 2022; Cao et al. 2023), resulting in significant hyster-
esis and potential irreversibility during the negative CO2 
emissions phase—meaning the climate system may not 
fully recover within perceptible time scales. This feature 
is also evident in drought responses. Kim et al. ( 2023) 
demonstrated that, due to hemispheric asymmetries in 
the Hadley circulation, subtropical droughts associated 
with the circulation cannot be fully reversed by CDR. 
More than 11% of global land areas have experienced 

strongly irreversible drought changes, and an increase in 
potential evapotranspiration (PET) leads to the hysteretic 
drought response during the CDR period (Su et al. 2024; 
Mondal et al. 2025). In drought hotspots, agroecological 
drought is about 65% more severe during the CDR period 
than under an equivalent increase period, and only about 
73% of the increased drought frequency is reversed (Liu 
et al. 2025). Moreover, enhanced soil moisture–tempera-
ture coupling under net negative emissions leads to more 
pronounced drying trends and drought characteristics 
(Mondal et al. 2024). While progress has been made in 
understanding global drought responses, studies focus-
ing on regional drought responses remain limited, par-
ticularly for China (Su et al. 2025; Tang et al. 2025). Given 
China’s commitment to achieving carbon neutrality by 
2060, investigating drought changes under the CDR sce-
nario holds both scientific and practical importance.

In this study, we utilize outputs from idealized CDR 
experiments within CDRMIP and apply bias correc-
tion and spatial downscaling (BCSD) techniques to con-
struct a high-resolution SPEI dataset for China. Using 
this dataset, we systematically evaluate drought evolu-
tion across six subregions of China, including frequency, 
duration, and severity during the CO2 ramp-up, ramp-
down, and stabilization phases. Our analysis focuses on 
two key comparisons: (1) the differences between peak 
CO2 conditions and post-removal stabilization to assess 
CDR effectiveness in potential drought mitigation, and 
(2) the differences between post-removal conditions and 
pre-industrial (PI) levels to evaluate the reversibility of 
drought changes. This comprehensive approach aims to 
deepen our knowledge of how regional drought patterns 
in China respond to CDR.

Data and methods
Study area
This study focuses on China as the primary research 
domain. Given its vast geographic extent and substan-
tial regional climate variability, China is divided into six 
subregions (Fig.  1): Northwest China (NW: 35°–50° N, 
73°–105° E), Southwest China (SW: 20°–35° N, 90°–105° 
E), Northeast China (NE: 42°–54° N, 105°–135° E), North 
China (NC: 35°–42° N, 105°–125° E), the Yangtze River 
Valley (YZ: 28°–35° N, 105°–123° E), and Southeast China 
(SE: 18°–28° N, 105°–120° E). This subdivision approach 
has been widely adopted in previous studies to better 
capture spatial heterogeneity and facilitate regional-scale 
analysis (Ma et al. 2015; Qiu et al. 2017; Li et al. 2021).

Data
The observational data are drawn from the Climatic 
Research Unit (CRU) for monthly precipitation and PET 
at a 0.5° × 0.5° resolution (Harris et al. 2020). In addi-
tion, the model outputs are utilized from the Coupled 
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Model Intercomparison Project Phase 6 (CMIP6), includ-
ing historical, piControl, 1pctCO2, and 1pctCO2-cdr 
experiments. In the 1pctCO2 experiment, atmospheric 
CO2 concentrations start from the PI level (284.7 ppm) 
and increase by 1% yr−1 for 140 years until quadrupling 
(1138.8 ppm), followed by a symmetric decrease at the 
same rate for another 140 years, eventually returning 
to its initial levels (Fig. S1). It is subsequently held con-
stant for at least 60 years. Throughout this period, CO2 
concentration is the only varying external forcing, while 
all other forcings remain fixed at their piControl levels. 
Five available global climate models (GCMs)—ACCESS-
ESM1-5, CanESM5, CNRM-ESM2-1, GFDL-ESM4, and 
MIROC-ES2L—are selected for this study (Table S1) 
because other participating models lack the necessary 
output variables.

The year when CO2 begins to increase is defined as 
Year 1. Thus, Years 1–140 correspond to the CO2 ramp-
up period, Years 141–280 to the CO2 ramp-down period, 
and Years 281–340 to the CO2 stabilization period. To 
investigate drought changes during the CDR period, we 
characterize them by quantifying differences between 
the stabilization (St, Years 281–340) climate state and the 
20-year mean at peak CO2 (Pk, Years 131–150). Further-
more, to assess the reversibility of regional drought con-
ditions after CO2 returns to its initial concentrations, we 

also compare the St period with the PI period (last 100 
years of the piControl experiment), noting that both peri-
ods have identical CO2 levels (Fig. S1).

SPEI calculation
The Standardized Precipitation Evapotranspiration Index 
(SPEI), proposed by Vicente-Serrano et al. (2010), has 
been widely used in studies of drought evolution and 
spatiotemporal variability in China (Chen and Sun 2015; 
Su et al. 2021; Xu et al. 2024). SPEI can capture drought 
characteristics across multiple time scales and reflect the 
balance between precipitation and PET. Several methods 
exist for estimating PET (Thornthwaite 1948; Hargreaves 
and Samani 1985; Allen et al. 1994). The Penman-Monte-
ith equation, recommended by the Food and Agriculture 
Organization (FAO), integrates multiple meteorological 
factors such as temperature, radiation, and wind speed, 
and has been widely applied in drought studies across 
China (Su et al. 2018, 2021; Zhou et al. 2020). The equa-
tion is expressed as:

	 PET = 0.408∆ (Rn−G)+γ 900
T +273 U2(ea−ed)

∆ +γ (1+0.34U2) ,  � (1)

where ∆  is the slope of the saturated vapor pres-
sure-temperature curve ( kPa ◦C−1); Rn is the net 

Fig. 1  Six subregions of China
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radiation 
(
MJ m−2 d−1)

; G is the soil heat flux den-
sity 

(
MJ m−2 d−1)

; γ  is the psychrometric constant 
( kPa ◦C−1); T  is the mean surface temperature (◦C); 
U2 is the wind speed at 2 m height ( m s−1); and ea and 
ed are the saturated and actual vapor pressure ( kPa), 
respectively.

SPEI is derived by first computing the monthly water 
balance as the difference between precipitation and PET 
for month i:

	 Di = Pi − PET i,  � (2)

then the calculated Di values are aggregated at different 
time scales as follows, where n is the calculated month 
and k is the chosen time scale,

	
Dk

n =
k−1∑
i=0

(Pn−i − PET n−i) , n ≥ k
 
� (3)

The resulting D series is then fitted to Log-Logistic prob-
ability distribution:

	
F (x) =

[
1 +

(
α

x−γ

)β
]−1

,
 
� (4)

where α , β , and γ  are the scale, shape, and location 
parameters, estimated using the method of L-moments.

Finally, the SPEI can be obtained as the standardized 
values of F(x):

	




SPEI = W − C0+C1W +C2W 2

1+d1W +d2W 2+d3W 3 P ≤ 0.5

SPEI = −
(

W − C0+C1W +C2W 2

1+d1W +d2W 2+d3W 3

)
P > 0.5

,

 
� (5)

where W =
√

−2lnP , P = 1 − F (x) is the prob-
ability of exceeding a given D value, and the constants 
are C0 = 2.515517, C1 = 0.802853, C2 = 0.010328, 
d1 = 1.432788, d2 = 0.189269, and d3 = 0.001308.

Bias correction and spatial downscaling
GCMs generally exhibit substantial systematic biases 
when applied at regional scales, which may lead to inac-
curate assessments of regional climate change. To obtain 
reliable climate projections over China, it is therefore 
essential to apply appropriate bias correction techniques. 
In this study, we employ a quantile mapping approach, 
which adjusts the cumulative distribution function (CDF) 
of model outputs to match that of the reference obser-
vations. Specifically, we adopt the Equiratio Cumula-
tive Distribution Function Matching (EQCDF) method 
proposed by Wang and Chen (2014a), which can be 
expressed as:

	
∼
xm−p,adjust = xm−p · F −1

o−c
[Fm−p(xm−p)]

F −1
m−c

[Fm−p(xm−p)] ,  
� (6)

where xm−p is the raw model projection, 
∼
xm−p,adjust is 

the bias-corrected value, Fm−p is the CDF of the model 
projection, and F −1

o−c and F −1
m−c represent the quantile 

functions derived from observed and modeled historical 
data, respectively. Compared to the Equidistant Cumula-
tive Distribution Function Matching (EDCDF) method 
proposed by Li et al. (2010), EQCDF effectively avoids the 
occurrence of negative values in precipitation and PET, 
and has been widely applied in climate impact studies 
(Wang and Chen 2014a, b; Piao et al. 2022). Estimation of 
the quantile functions F −1

o−c · Fm−p and F −1
m−c · Fm−p 

can be achieved using non-parametric methods, which 
do not require assumptions about the underlying data 
distribution and are therefore recommended (Gud-
mundsson et al. 2012).

To facilitate regional-scale analysis with different 
models, it is also necessary to unify the bias-corrected 
outputs to a common high spatial resolution. Statistical 
downscaling methods have several advantages, includ-
ing flexibility, computational efficiency, and the ability to 
incorporate observed climatological patterns. The pro-
cedure is as follows: (1) high-resolution observational 
data are first aggregated to the coarse GCM resolution 
using an area-weighted averaging approach; (2) the ratio 
between the bias-corrected GCM output and the aggre-
gated observational data is then computed to obtain a 
factor field; (3) this factor field is bilinearly interpolated 
onto the fine-resolution observational grid; and (4) the 
interpolated factor field is multiplied by the high-resolu-
tion observations to produce high-resolution GCM out-
puts. In this study, precipitation and PET data from the 
CRU are used as the observational reference, resulting in 
final GCM outputs with a spatial resolution of 0.5° × 0.5°. 
Further technical details regarding the BCSD procedures 
can be found in Wang and Chen (2014a).

Among the five GCMs used in this study, MIROC-
ES2L has the coarsest spatial resolution. As an illustra-
tive example, we present the precipitation fields from 
MIROC-ES2L for the period 1979–2014 after BCSD 
(Fig. 2). The results show that bias correction effectively 
reduces the model’s systematic overestimation of precipi-
tation over China, while spatial downscaling substantially 
enhances the effective resolution of the model outputs. 
This approach allows the global model to better capture 
regional climatic features in greater detail, providing 
more realistic representations of fine-scale processes.

Attribution method
Since SPEI is jointly determined by precipitation and 
PET (Eqs.  2–3), a control-variable attribution approach 
is employed to quantify their contributions to SPEI 
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variations during CO2 concentration changes (Yin et al. 
2023; Wang et al. 2024). This approach assumes that SPEI 
variations can be expressed as a linear superposition of 
contributions from precipitation, PET, and their joint 
effect. Accordingly, the contributions are quantified by 
solving the following equations:

	 SPEI (PCO2 , PET P I) − SPEI (PP I , PET P I) = CP + CP × P ET ,  � (7)

	 SPEI (PP I , PET CO2) − SPEI (PP I , PET P I) = CP ET + CP × P ET ,  � (8)

	 SPEI (PCO2 , PET CO2) − SPEI (PP I , PET P I) = CP + CP ET + CP × P ET .  � (9)

Here, the subscript PI denotes the baseline period defined 
as the last 100 years of the piControl experiment, and 
CO2 denotes the CO2-changing period. CP , CP ET , and 
CP × P ET  represent the contributions from precipitation 
changes, PET changes, and their joint effect, respectively. 
All precipitation and PET data are processed with BCSD.

Drought identification and characteristics
The run theory is commonly applied to identify and 
characterize drought events (Yevjevich 1967). In this 
study, a drought event is defined as a period of at least 
three consecutive months with negative SPEI values, 
during which the lowest SPEI less than − 1 (Guo et al. 
2018; Su et al. 2021; Li et al. 2021). Extreme drought 
events are defined as periods of at least three consecu-
tive months with SPEI < − 2. Several metrics are then 
employed to describe drought characteristics. The mean 
drought duration (MDD) represents the average number 
of months between the onset and termination of drought 
events. The mean drought severity (MDS) is calculated as 
the average cumulative SPEI within each drought event 
(multiplied by − 1 for convenience of interpretation). 
The mean drought frequency (MDF) denotes the aver-
age number of drought events per year over the specified 
period (Fig. S2).

Results
Spatial-temporal changes and attribution of SPEI
Figure 3 presents the annual evolutions of SPEI over 
China and its six subregions, revealing distinct regional 

Fig. 3  The 21-year running mean changes in the SPEI over China and its six subregions, together with atmospheric CO2 concentration changes, relative 
to PI levels. Results are shown for the CO2 ramp-up, ramp-down, and stabilization periods. The gray dashed line represents atmospheric CO2 concentra-
tions (multiplied by − 1 to facilitate comparison), while the colored solid lines and shading denote the multi-model mean (MME) and interquartile range 
across the five CMIP6 models, respectively

 

Fig. 2  Climatological mean precipitation over China during 1979–2014 
for a the raw MIROC-ES2L output, b the bias-corrected output, c the bias-
corrected and spatially downscaled output, and d the CRU dataset (unit: 
mm month−1)
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differences in response to atmospheric CO2 changes. 
During the CO2 ramp-up period, SPEI decreases across 
China, indicating overall drying. This trend is most pro-
nounced in the NW and NE regions, moderate in the SE 
and NC regions, while the SW region exhibits a slight 
wetting trend. Following the rapid CO2 decline, SPEI con-
tinues to decrease across China for several years before 
recovery, with most subregions exhibiting a similar lag of 
approximately 5–10 years. After CO2 returns to PI levels, 
full drought recovery is not achieved. China-mean SPEI 
remains below its initial state, primarily due to persistent 
dryness in the NW region, with residual deficits also in 
the NC and SE regions. In contrast, spatial averages for 
the SW, YZ, and NE regions largely recover to their PI 
levels, although internal heterogeneity indicates incom-
plete local recovery (Fig. 4b).

Spatially, hydroclimatic conditions generally improve 
during the CDR period (Fig.  4a). The most pronounced 
recovery occurs in the arid NW region. It is noteworthy 
that in such water-limited environments, SPEI may over-
estimate drought severity, as actual evapotranspiration 
cannot increase proportionally with rising PET. Never-
theless, its directional trend remains a robust indicator 
of relative hydroclimatic change (Vicente-Serrano et al. 
2011, 2015). To ensure that the large-magnitude changes 
in the NW region do not visually dominate the maps, 
non-uniform color scales are applied in Figs.  4 and 5. 
Beyond the NW region, the NE and SE regions also dis-
play a clear wetting trend, whereas parts of the NC and 
YZ regions shift toward drier conditions. In particular, 
the SW region experiences widespread drying, except for 
localized wetting in its southeast. After CO2 returns to PI 
levels, full spatial recovery is not achieved (Fig. 4b). The 
NW, NC, and SE regions remain notably drier than base-
line conditions. Although the spatial averages for the SW 
and NE regions largely recover, both exhibit pronounced 
internal heterogeneity (drier in the south, wetter in the 
north). In contrast, the YZ region essentially returns to 
its initial hydroclimatic state.

Based on a control-variable attribution method, we 
quantify the relative contributions of precipitation, PET, 
and their nonlinear interaction to SPEI changes (Figs. 5 
and S3). During the CO2 ramp-down period, precipita-
tion contributes slightly more to China’s overall wetting 
(42%) than PET (35%). However, the contribution struc-
ture varies substantially across subregions according to 
their background hydroclimatic conditions. In the arid 
NW region, SPEI changes are dominated by PET (62%), 
reflecting its high evaporative demand and limited 
water availability. By contrast, in the semi-arid to semi-
humid transitional zones (the SW, NE, and NC regions) 
precipitation emerges as the primary driver (43–51%), 
where relatively higher moisture availability enhances 
SPEI sensitivity to precipitation changes compared to the 
NW region. In the humid YZ and SE regions, precipita-
tion remains the leading contributor (46–48%). Nota-
bly, the nonlinear interaction between precipitation and 
PET accounts for a nearly equivalent share (37–43%), 
whereas the direct PET contribution is relatively small 
(11–15%). This indicates that drought variability in these 
humid areas is governed not only by precipitation sup-
ply but also by its synergistic coupling with evaporative 
demand. When CO2 returns to PI levels, these regional 
attribution patterns remain largely stable, indicating con-
sistent mechanistic controls throughout the CO2 change. 
In summary, the dominant controls on SPEI changes 
align systematically with China’s dry-wet gradient: PET 
prevails in arid regions, precipitation dominates in tran-
sitional zones, and both precipitation and its nonlinear 
interaction with PET are critical in humid regions.

Changes in drought event characteristics
To assess how drought characteristics respond to CDR, 
we compare mean drought frequency, duration, and 
severity between the St and Pk periods across China and 
its six subregions (Fig. 6). While CDR leads to a nation-
wide reduction in drought frequency, duration, and 
severity, the degree of mitigation is region-dependent. 

Fig. 4  Spatial distribution of SPEI differences over China between a the St and Pk periods, and b the St and PI periods. Stippling indicates regions where 
at least four out of five models agree on the sign of the MME change, and the differences are statistically significant at the 90% confidence level
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Our analysis reveals that CDR implementation gener-
ally alleviates drought conditions, making events less 
frequent, shorter, and less severe. This mitigation, how-
ever, exhibits pronounced regional heterogeneity. Spa-
tially, drought frequency decreases most substantially in 
western China, with the NW region showing the largest 
reduction (0.77 events yr−1), consistent with its high sen-
sitivity to hydroclimatic forcing. Reductions in eastern 

regions are more variable, being greatest in the NE (0.66 
events yr−1) and SE (0.46 events yr−1) regions, but mini-
mal in the NC and YZ regions. Correspondingly, drought 
duration shortens markedly in the NW (1.53 months 
yr−1) and NE regions (0.74 months yr−1), followed by 
moderate decreases in the SW and SE regions. Drought 
severity weakens across all regions, with the most signifi-
cant declines again occurring in the NW (6.28 yr−1) and 

Fig. 5  Contributions of precipitation (green), PET (orange), and their joint effects (brown) to SPEI differences between a the St and Pk periods, and b the 
St and PI periods over China and its subregions (unit: %)
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NE (3.53 yr−1) regions. Moderate reductions are observed 
in the SW, NC, and SE regions. In summary, CDR effec-
tively mitigates drought across China, with the stron-
gest benefits seen in the NW and NE regions, moderate 
effects in the SW and SE regions, and limited influence in 
the NC and YZ regions.

Given the severe risks posed by extreme droughts to 
ecosystems and society, we specifically analyze their 
behavior during the CO2 ramp-down period (Fig. S4). The 
results reveal a distinct response pattern: while the fre-
quency of extreme droughts shows a clear decrease only 
in the arid NW region—consistent with its high baseline 
susceptibility—other regions exhibit little change. In con-
trast, both the duration and severity of extreme droughts 
decrease significantly across most of China. This indi-
cates that the alleviation of extreme drought under CDR 
is achieved primarily through shorter persistence and 
reduced intensity, rather than a drop in how often such 

events initiate. A notable exception is the NC region, 
where duration slightly increases even as severity weak-
ens, highlighting that drought characteristics can shift in 
a compensatory manner. An exception occurs in the NC 
region, where duration slightly increases despite weak-
ened severity, suggesting compensating changes among 
drought characteristics.

Furthermore, to evaluate whether drought character-
istics fully recover after atmospheric CO2 returns to PI 
levels, we compare the St and PI periods (Fig.  7). The 
analysis reveals widespread but spatially heterogeneous 
residual drying, indicating incomplete hydroclimatic 
reversibility. Drought frequency remains slightly ele-
vated at the national scale (by 0.30 events decade−1), with 
increases concentrated in western China—dominantly in 
the NW region but also locally in the SW region—while 
eastern China (the NE, NC, YZ, and SE regions) largely 
recovers to PI levels. For drought duration, the national 

Fig. 7  The same as Fig. 6, but for the differences between St and PI

 

Fig. 6  a–c Spatial differences in MDF, MDD, and MDS between St and Pk over China, and d–f their spatial averages over China and its subregions. Stip-
pling in panels a–c indicates regions where at least four out of five models agree with the sign of the MME. Histograms and black vertical lines in panels 
d–f denote the multi-model median and interquartile range, respectively
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mean is prolonged (0.56 months decade−1), again driven 
substantially by the NW region. A notable exception is 
the YZ region, where duration shortens considerably 
(1.88 months decade−1), indicating over-recovery. The 
NE region exhibits a compensating north-south dipole, 
while the SW, NC, and SE regions show near-complete 
recovery. Drought severity strengthens across most 
regions, with the national mean exceeding PI levels by 
3.29 decade−1. Increases are pronounced in the SW (4.34 
decade−1), SE (4.90 decade−1), and NW (2.38 decade−1) 
regions. The NE region shows a north-south contrast 
in severity consistent with its duration pattern, whereas 
the NC and YZ remain moderately stronger. In sum-
mary, although many regions approach their PI condi-
tions, residual drying signals persist—particularly in the 
NW, southern SW, and southern SE regions—manifest-
ing as more frequent, prolonged, or severe droughts. This 
spatial heterogeneity underscores that even after CDR, 
regional drought risk may not return to baseline.

As CO2 returns to PI levels, the recovery of extreme 
drought characteristics exhibits a clear dichotomy (Fig. 
S5). While the frequency of extreme droughts shows 
near-complete reversibility across China and its sub-
regions, substantial residual anomalies persist in both 
duration and severity. Spatially, extreme drought dura-
tion remains prolonged, most notably in the NW, NE, 
and SE regions, in contrast to a shortening observed in 
the NC and YZ regions. Similarly, extreme drought sever-
ity remains elevated in the NW and SE regions, while 
approaching baseline levels elsewhere. These results indi-
cate that even the occurrence rate of extreme droughts 
normalizes with CO2 restoration, their persistence and 
intensity may retain a prolonged, regionally variable 
legacy.

Conclusions
This study investigates drought evolution and recover-
ability over China under an idealized CO2 removal sce-
nario using a bias-corrected and spatially downscaled 
multi-model SPEI dataset. Changes in drought evolu-
tion, driving mechanisms, and event characteristics (fre-
quency, duration, and severity) are examined for China 
and six subregions throughout the CO2 change process.

Results show that CO2 increase leads to widespread 
drying across China, while during rapid CDR, SPEI does 
not immediately reverse but continues to decline for 
several years before gradually recovering, indicating a 
pronounced lagged hydroclimatic response. As CO2 is 
removed, drought frequency, duration, and severity gen-
erally weaken, with extreme droughts primarily alleviated 
through reductions in intensity and persistence rather 
than a substantial decrease in occurrence.

Attribution analysis reveals strong regional con-
trasts in the dominant drivers of SPEI changes. Drought 

variability in arid regions is primarily controlled by PET, 
semi-arid to semi-humid transition regions are mainly 
governed by precipitation, and humid regions are domi-
nated by precipitation and its nonlinear interaction with 
PET. This contribution structure remains largely consis-
tent in explaining the recoverability of drought after CO2 
returns to PI levels, suggesting a robust and stable attri-
bution framework throughout CO2 change.

When CO2 returns to PI levels, drought conditions 
do not fully return to their baseline state across China. 
Residual enhancements in drought frequency, duration, 
or severity persist in several regions, although the YZ 
region exhibited an over-recovery in drought duration. 
This incomplete recovery highlights the role of climate 
system inertia and nonlinear processes, indicating that 
complete CDR to the PI level may be insufficient to rap-
idly restore regional drought risk.

Overall, CDR can substantially alleviate drought risk 
over China, but drought recovery varies substantially 
among regions. These findings underscore the need for 
region-specific adaptation strategies in future carbon-
neutral pathways, with careful consideration of hydrocli-
matic inertia and irreversible risks.

Discussion
The results of this study indicate that while CO2 removal 
can effectively mitigate drought, the drought response 
exhibits obvious temporal lags and regional dispari-
ties. This reflects the inertia of the hydroclimatic system 
(Mondal et al. 2025) and the differential responses under 
varying background climatic conditions (Huang et al. 
2023). Although CO2 returns to PI levels, some drought 
conditions remain irrecoverable, particularly in terms of 
drought duration and severity.

To prevent the potential obscuring of drought fre-
quency changes due to the merging and splitting of 
drought events based on event counts, we further employ 
the number of months under drought conditions to char-
acterize drought frequency (Xu et al. 2021), in addition 
to event-based frequency. The results reveal impor-
tant distinctions between these two metrics. During 
the CO2 ramp-down period, both metrics show consis-
tent decreases across China and its subregions (Fig. S6). 
However, after CO2 returns to PI levels, notable regional 
discrepancies emerge: in some regions, event-based fre-
quency recovers to baseline levels, yet the total months 
in drought remain elevated. Combined with changes 
in drought duration (Fig.  7), this suggests that in these 
regions, post-recovery drought variability is primarily 
controlled by event persistence rather than occurrence 
rate. This underscores the importance of employing mul-
tiple metrics to fully capture changes in drought charac-
teristics under climate change scenarios.
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However, this study also has some limitations. First, 
the highly idealized CDR scenario used here is primar-
ily designed to amplify the response signal. More closely 
aligned with policy and realistic CO2 pathways have 
been explored in recent studies (Zhong et al. 2025; Lu et 
al. 2025), which should be incorporated in future work. 
Second, this study directly applies bias correction to 
the model-calculated PET using CRU data as reference. 
Future efforts could consider correcting the individual 
input variables (e.g., temperature, radiation, wind speed) 
first, which would help to further disentangle the con-
tributions of the underlying meteorological drivers (Sun 
et al. 2017; Su et al. 2024). Finally, regarding the mecha-
nisms of drought change, our attribution analysis is lim-
ited to precipitation and PET. In reality, the processes 
influencing drought across China’s diverse subregions 
are highly complex. For instance, the East Asian sum-
mer monsoon circulation is a critical factor for dryness/
wetness in eastern China (Zhang and Wang 2022), while 
the Western Pacific subtropical high and the South Asian 
high are key circulation systems regulating summer pre-
cipitation (Xu et al. 2015; Ning et al. 2017). Sea surface 
temperature anomalies in different ocean basins—such 
as the El Niño–Southern Oscillation (Lv et al. 2022), the 
Pacific Decadal Oscillation (Zhu et al. 2015), the Indian 
Ocean Dipole (Zhou et al. 2021), and the Atlantic Mul-
tidecadal Oscillation (Si et al. 2021)—can influence dry/
wet variations across different regions of China on vari-
ous timescales. Future research should delve deeper into 
the specific processes driving drought changes in differ-
ent subregions.
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