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Anthropogenic aerosol reduction
contributes to faster flash drought onset in a
changing climate

Jia Wei 1,2, Shuo Wang 1,3 , Weiguang Wang 2,4,5, Jason A. Otkin 6,
Diego G. Miralles 7 & Amir AghaKouchak 8,9,10

Flash droughts have emerged as severe hazards, posing growing challenges to
natural and socioeconomic systems, yet the influence of recent aerosol
reductions on their onset remains unclear. Here, we investigate the impacts of
aerosols and their underlying mechanisms using multi-source observations
and large-ensemble climate simulations. Lower aerosol levels are increasingly
linked to severe soil moisture deficits, with aerosol effects on onset-speed
variability intensifying across 69.2% of regions. During the onset stage, air
temperature pathways associated with aerosol variability account for a larger
fraction of onset-speed variability than pathways linked to atmospheric
demand. Aerosols have long acted to dampen flash drought development;
however, their reduction, acting within a warming climate, contributes to
faster flash drought onset. As aerosol emissions decline in the future, the area
at higher risk of flash drought acceleration in aerosol-forced simulations is
projected to increase by 11.7% during 2070–2099 relative to the historical
period of 1990–2019.

Flash drought, generally defined as a rapidly developing drought event
characterized by an unusually quick onset and intensification over a
period of weeks rather than months, has emerged as one of the most
devastating hazards in recent decades1–5. Observational records indi-
cate that flash drought has become more common, posing severe
challenges to agricultural productivity, water security, ecosystem
resilience, and socioeconomic stability6–8. The exceptionally rapid
onset of flash drought causes major challenges for conventional
drought monitoring and early warning frameworks, thereby exacer-
bating socioeconomic and ecological impacts9,10. Variousmechanisms,
such as persistent atmospheric ridges, Rossby wave trains emanating

from remote forcing, and changes in land–atmosphere feedbacks,
have been shown to lead to flash drought onset1,11. While research has
indicated that greenhouse gases can lead to more flash droughts8,
anthropogenic aerosols and their interplay with land–atmosphere
processes during the onset of flash droughts remain poorly under-
stood. With the implementation of global pollution control measures,
anthropogenic aerosol concentrations have markedly declined over
recent decades12–14. This reductionmay increase the localwarming rate
and accelerate the rapid decline of soil moisture by increasing atmo-
spheric water demand and intensifying land–atmosphere feedbacks.
Ultimately, onset speed is a function of the balance between soil
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moisture declines and evaporation increases, with both being affected
by aerosols in complex ways15,16.

Quantifying the influence of aerosols on flash drought develop-
ment is challenging due to complex multi-scale interactions in
aerosol–cloud–radiation processes17,18, and their effects on the ulti-
mate drivers of soil dry-out1,19. This complexity is especially pro-
nounced during the onset stage, when rapid shifts in soil moisture and
evaporative demand occur over short timescales, making aerosol-
related impacts difficult to isolate from internal weather variability.
The difficulty is compounded by the strong spatiotemporal hetero-
geneity of anthropogenic aerosols and their nonlinear effects on
hydrometeorological processes20–22. Understanding aerosol–flash
drought interactions has become increasingly urgent as climate miti-
gation efforts have reduced anthropogenic aerosol concentrations,
potentially altering cloud cover and increasing atmospheric water
demand, thereby affecting soil dry-out13,23. Existing aerosol–drought
studies have predominantly focused on the impacts of aerosols on
the trend of long-term drought14,24; however, the mechanisms
underlying the rapid onset of flash droughts over short timescales, and
particularly the contributions of aerosols to their development
processes, remain poorly understood. Hence, in-depth studies on how
aerosol changes influence the accelerated soil moisture deficits within
subseasonal timescales are imperative and motivate our present
research.

Here, we investigate the changing behavior of aerosols during the
onset stageofflashdroughts usingmultiple datasets, including aerosol
optical depth (AOD) observations from the Moderate Resolution
Imaging Spectroradiometer (MODIS25) andAERONET26,27 for the period
2003‒2024. Soil moisture is obtained from the daily European Space
Agency Climate Change Initiative (ESA CCI) dataset28. We analyze the
spatiotemporal variations in onset speed and AOD during flash
drought onset and investigate their relationship using copula meth-
ods. We subsequently explore the non-stationary impact of aerosols
on flash drought onset speed using a Bayesian dynamic linear model
(DLM) and further quantify this impact using large ensemble climate
model simulations from the Coupled Model Intercomparison Project
Phase 6 (CMIP629,30). To elucidate physical mechanisms, we construct
pathway networks to examine the influence of aerosols on climatic
conditions and their radiative effects during flash drought onset. This
understanding is crucial for clarifying the role of aerosols in mod-
ulating flash drought development. Finally, we project changes in flash
drought onset speed using simulations driven by anthropogenic
aerosols, providing deeper insights into regional risks of accelerated
flash drought development under future aerosol reductions. Our
findings have important implications for improving flash drought
predictability and for formulating effective regional adaptation stra-
tegies under climate mitigation.

Results
Global evolution of flash drought onset speed and aerosol
optical depth
Subseasonal drought has increasingly transitioned toward flash
drought, characterized by a rapid decline in soil moisture driven by
intensified atmospheric water demand, making flash drought a new
normal among extreme climate events1,31. Understanding potential
future variations in flash drought onset speed is critical for early
warning systems and drought preparedness strategies9, highlighting
the need for a comprehensive analysis of howonset speeds vary across
time. We first analyzed flash drought onset speed based on soil
moisture from the ESA CCI dataset (Fig. 1a). To enable direct com-
parison between aerosol variability and flash drought onset speed,
both variables were converted to standardized series. For analyses at
regional and global scales, AOD values were first spatially averaged
using area weights before standardization. We hereafter refer to this
standardized index as AODz to distinguish it from raw aerosol optical

depth. Results show spatial heterogeneity with relatively high onset
speeds occurring across broad regions of North America, Asia and
parts of South America and Africa. In recent years, standardized flash
drought onset speed has exhibited consistent acceleration across all
IPCC SREX regions (Fig. 1b and Supplementary Table S1). These results
suggest an accelerated onset of flash drought, reflecting intensified
regional responses to changing climatic conditions.

During flash drought onset, AODz also exhibits distinct temporal
changes, decreasing significantly from 2003 to 2024. The time series
of AODz during the onset stage shows a notable divergence from the
significant acceleration in flash drought onset speed (Fig. 1c). These
results indicate that aerosols have decreased significantly during flash
drought development in recent decades. The divergence between
AOD evolution and onset speed reveals distinct changes, suggesting
more complex interactions between atmospheric aerosol loading and
flash drought intensification processes. Consequently, the role of
aerosols during flash drought outbreaks and their changing relation-
ship with drought intensification mechanisms require further detailed
investigation.

Dynamic relationship between aerosol and onset speed during
flash drought onset
We first investigated the concurrence of aerosol loading and soil
moisture decline for each pentad (currentminus previous). The spatial
pattern of bivariate dependence reveals an extensive distribution of
concurrent low aerosol (below the 30th percentile) and soil moisture
decline (below the 30th percentile), with higher probabilities across
most of the global land (Fig. 2a). This result suggests that aerosol–soil
moisture decline exhibits strong dependency, whichmay be driven by
conditions favoring flash drought development through aerosol-
induced climatic effects and local land–atmosphere feedback
mechanisms32–34. We further examined the relationship between lower
aerosol levels and soil moisture declines across multiple severity
thresholds. The relationships between lower aerosol levels and various
soil moisture extremes are quantified using the probability multi-
plication factor (PMF). Regional PMF results indicate a stronger cou-
pling of lower AOD (below the 30th percentile) with extreme soil
moisture decline (below the 5th percentile) than with moderate soil
moisture decline (below the 30th percentile) (Fig. 2b). The con-
currence of lower aerosol levels with five severities of soil moisture
decline (at the 40th, 30th, 20th, 10th, and 5th percentiles) was also
analyzed. PMF values increase as the soil moisture deficits become
more severe, ranging from the 40thpercentile to themost extreme5th
percentile (Supplementary Fig. 1). These results indicate that the co-
occurrence of diminished aerosol concentrations and soil moisture
depletion intensifies as moisture deficits become more severe. These
findings suggest that a reduction in atmospheric aerosolsmayenhance
the probability of rapid soil moisture decline. Thus, we further inves-
tigate the impacts of aerosols on flash drought onset speed.

We employed a Bayesian dynamic linear model (DLM) using
detrended AOD and climatic factors affecting flash drought onset
speed as predictors and detrended flash drought onset speed as the
predictand. We first removed linear trends from AOD, flash drought
onset speed, and the associated climatic variables to minimize asso-
ciations arising from shared long-term changes and to focus the DLM
analysis on the time-varying relationship between aerosol variability
and flash drought onset speed. The detrended climatic factors,
including surface temperature, shortwave radiation, precipitation,
vapor pressure deficit, soil moisture, vertically integrated moisture
divergence and 850 hPa vertical velocity, were first selected using the
variance inflation factor (VIF) and then used as predictors. Meanwhile,
we removed these confounding effects on AOD to isolate aerosol
signals before DLM simulation. The Bayesian DLM provides the time-
varying impacts of the predictors on the predictand within the exam-
ined period35,36, enabling investigation of the non-stationary effects of
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aerosols on flash drought onset speed. Results show that Bayesian
DLM simulations captured both the magnitude and interannual
variability of the observed onset speed for each region. The Bayesian
DLM simulations account for 63.4‒96.7% (STDdlm/STDobs) of the
observed onset speed variability across different regions (Supple-
mentary Fig. 2) and are highly correlated with observed onset speed.

In recent years, the impact of AOD on flash drought onset speed
exhibited an increasing tendency in the regions shown in Fig. 2c, which
account for 69.2% of all regions. The variance in onset speed explained
by AOD increased significantly in 18 regions (Supplementary Fig. 3). In
these regions, the average explained variance of aerosols increased
from 33.9 to 57.8%. This indicates a strengthening linkage between
aerosol variability and onset speed in recent decades. Such temporal
evolution and spatial heterogeneity may reflect changes in the radia-
tive and climatic effects of regional aerosol variations, which are
influenced by underlying surface characteristics16,37. With enhanced
coupling and association between aerosols and flash drought accel-
eration, aerosol changes may have played an increasingly important
role in modulating flash drought dynamics in recent decades, with
potential implications for regional water security and agricultural
resilience.

Physical processes driving the aerosol-induced acceleration of
flash drought onset speed
We conducted structural equation modeling to investigate the com-
plex causal pathways through which aerosols may influence flash
drought onset speed via atmosphericmechanisms. We performed two
separate path analyses: one disentangling the influence of aerosols on
surface air temperature, and the other focusing on the radiative effects
of aerosols38–40. The structural equation model demonstrates robust
statistical significance, with high fit indices confirming the validity of
the depicted path relationships. Results suggest that higher AOD
decreases surface air temperature but is positively associated with
cloud cover (Fig. 3a). This agrees with the cooling effect of aerosols
and their role as cloud condensationnuclei, whichcan further facilitate
cloud cover development. Notably, air temperature has a significant
negative impact on soil moisture, underscoring its critical role in
reducing soil water content and thereby accelerating flash drought
onset. Meanwhile, cloud cover has a strong negative impact on
shortwave radiation, which has an opposite effect on onset speed.
Overall, aerosols influence flash drought onset speed through tem-
perature and cloud cover pathways, predominantly bymodulating soil
moisture and shortwave radiation. For the direct radiative effects of

Fig. 1 | Global evolution of onset speed and aerosol optical depth (AOD) during
the flash drought onset stage. a Spatial distribution of flash drought onset speed
(soil moisture percentile pentad−1) for 2003–2024. b Trends in standardized AOD
(AODz) and onset speed (Speedz) for each IPCC SREX region. The onset speed of
flash drought was calculated at the grid level and then averaged over the IPCC
regions weighted by area. The boxes contain 25‒75th percentiles, and the whiskers

indicate the 5th‒95th percentiles. c Interannual variability of the global standar-
dized time series of Speedz and AODz during the flash drought onset stage. The
5-year moving average time series and linear trends for Speedz and AODz are
indicated with thick solid and dashed lines, respectively. The significance level for
each trend is indicated at the bottom of the panel.

Article https://doi.org/10.1038/s41467-026-78230-4

Nature Communications |        (2026) 17:11394 3

www.nature.com/naturecommunications


aerosols, we conductedpath analyses todemonstrate howaerosols are
associatedwith changes in the surface energy balance and evaporation
(Fig. 3b). The negative correlation between aerosols and shortwave
radiation reflects the established direct radiative effect, whereby par-
ticulate matter attenuates incoming solar radiation through scattering
and absorption15,41. Shortwave radiation shows a positive correlation
with evaporation, which further exacerbates flash drought
development.

Based on the influence of aerosols on surface temperature and
radiation, we synthesized the essential pathways elucidating how
aerosols are statistically linked to variations in flash drought onset
speed (Fig. 3c). With aerosol reduction during the onset stage,
enhanced surface temperature is associated with decreased soil
moisture, exacerbating the acceleration of flash drought onset.
Simultaneously, increased shortwave radiation increases evaporation,
accelerating soil moisture decline. Ultimately, enhanced evaporation
and decreased soil moisture collectively increase onset speed, effec-
tively accelerating flash drought initiation. These results illustrate how

aerosols are associated with changes in atmospheric variables and the
energy balance during the onset stage. Under conditions of aerosol
reduction, both temperature and radiative effects are conducive to
reduced soil moisture and enhanced evaporation, thereby contribut-
ing to a faster onset speed. Furthermore, we compared the parallel
effects of potential evaporation and vapor pressure deficit (Supple-
mentary Fig. 4). The aerosol-induced changes in potential evapo-
transpiration and vapor pressure deficit are similar during the onset
stage of flash drought but are weaker than the aerosol-induced tem-
perature effects.

Historical and future impacts of anthropogenic aerosols on
onset speed
Anthropogenic aerosols generally exert a cooling influence, thereby
partially masking the full extent of global warming15,22. Relative to pre-
industrial conditions, human-induced climate forcings have significant
impacts onflashdrought acceleration. Greenhouse gas forcing leads to
a pronounced global acceleration of flash drought onset speed. In

Fig. 2 | Impacts of aerosol on flash drought onset speed. a Probability multi-
plication factor (PMF) for concurrent low AOD (below the 30th percentile) and
extreme soil moisture decline (Δ soil moisture; current pentad minus previous
pentad, below the 30th percentile) from 2003 to 2024. A PMF ≤ 1 represents no
increase in the joint probability. b PMF values for lower AOD and different soil
moisture decline levels (below the 30th and 5th percentiles) across the IPCC SREX
regions. The bias relationship (x = 1.32 y +0.32) reflects a stronger coupling

between lower AOD and soil moisture decline. The PMF was calculated at the grid
level and then averaged over the IPCC regions weighted by area. c Impacts of AOD
on flash drought onset speed, showing the standard deviation of AOD contribu-
tions for the first decade (2003–2012) and the recent decade (2015–2024) in each
IPCC SREX region. Blue shaded areas on the global map indicate the trend of flash
drought onset speed for each region.
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contrast, with increases in anthropogenic aerosols, flash drought
onset shows a widespread slowdown (Supplementary Fig. 5). This
highlights the dominant and opposing roles of greenhouse gas
warming and anthropogenic aerosol cooling in shaping historical
variations in flash drought development. However, with international
attention and cooperative solutions targeting emissions, global
mitigation efforts have resulted in significant decreases in
anthropogenic aerosols. We further explored the risk ratio changes in
flash drought acceleration driven by anthropogenic aerosols in recent
years (Fig. 4a). The risk ratio quantifies the likelihood of changes in
onset speed driven by anthropogenic aerosol-only (AA-only)
forcing relative to natural climate forcing, with values greater than 1.0
indicating an increased risk of accelerated flash drought
development. Results showed that extensive regions exhibited stron-
ger risks. Globally, the majority of land area (59.9%) experienced
anthropogenic aerosol-driven acceleration of flash drought onset.
Regionally, higher risks of accelerated flash drought onset associated
with anthropogenic aerosol-only forcing were evident in CNA (75.0%),
MED (69.3%), and AMZ (62.4%), overlapping with areas showing
stronger AOD-related impacts calculated from observation-based
results (Fig. 4b). Although anthropogenic aerosols slowed flash
drought onset relative to the pre-industrial period (Supplementary
Fig. 5b, d), this slowdown effect appeared to be weakening in
recent years.

Furthermore, we analyzed the future risk ratio of flash drought
onset speed and its trend from 2030 onward.We selected the SSP2-4.5
scenario as the primary future shared socioeconomic pathway, as it
represents a moderate emissions condition that reflects the con-
tinuation of current global trends with strengthened climate policies.
SSP2-4.5 serves as a widely adopted baseline scenario in IPCC AR6
assessments29. Additionally, SSP2-4.5 is the only scenario that provides
future projections for AA-only forcing experiments under the Detec-
tion and Attribution Model Intercomparison Project (DAMIP)

framework30. Thus, we analyzed projected changes in flash drought
onset speed under SSP2-4.5 prior to investigating their responses to
different anthropogenic drivers. The projected temporal evolution of
global flash drought onset speed under the CMIP6 SSP2-4.5 scenario
indicates a consistent acceleration of flash drought (Supplementary
Fig. 6). All climate model projections demonstrate statistically sig-
nificant positive trends, suggesting an acceleration of flash drought
development rates throughout the 21st century. With global carbon
neutrality commitments targeting mid-century achievement, the
transitional period of 2030‒2059 represents a critical window during
which anthropogenic emissions will continue to drive climate
change42,43.

From 2030 to 2059, onset speed trends show distinct regional
patterns, with several regions exhibiting statistically significant
increases, implying that flash droughts will develop more rapidly
during 2030‒2059 (Supplementary Fig. 7). Meanwhile, most regions
are projected to experience higher risks of flash drought acceleration
under AA-only forcing in 2030‒2059 (Fig. 4c) relative to natural-only
forcing. This heterogeneous spatial distribution reflects the combined
influence of anthropogenic aerosols and regional climate responses in
CMIP6 simulations. In the late 21st century (2070‒2099), future
increases in flash drought onset speed trends under anthropogenic
aerosol forcing scenarios are projected to be more extensively dis-
tributed (Supplementary Fig. 8). Meanwhile, higher risk ratios con-
tinue to occur in most regions (Fig. 4c). Larger areas are projected to
experience higher risk than in themid-century period (Supplementary
Fig. 9). With the future decline in anthropogenic aerosol in model
simulations (Supplementary Fig. 10), risks are projected to show a
persistent increase within anthropogenic aerosol-forced simulations.
Consequently, as the damping effect of anthropogenic aerosol weak-
ens in the future, flash drought acceleration is projected to intensify.
These findings underscore the importance of long-term monitoring,
especially in regions exhibiting consistent positive trends, where faster

Fig. 3 | Atmospheric pathway networks linking aerosols and flash drought
onset speed. a Temperature pathway of aerosols during the flash drought onset
stage, including surface air temperature, total cloud cover, shortwave radiation,
and soil moisture. b Radiative pathways of aerosols during flash drought onset,
including shortwave radiation andevaporation. c Effectivepathways linking aerosol
changes to variations in flash drought onset speed. Factor loadings between vari-
ables are shown next to the arrows (P <0.001, ***; P <0.01, **; P <0.05, *). The color

andwidth of the arrows indicate the direction (positive or negative) andmagnitude
of the effect, respectively. The statistical fit indices for the temperature and
radiationpathways are as follows: Comparative Fit Index (0.81 and0.95), Goodness-
of-Fit Index (0.76 and0.91), and Standardized RootMean Square Residual (0.17 and
0.08). AOD, TM, CLD, SM, SWR, E, and OS represent aerosol optical depth, surface
air temperature, total cloud cover, soil moisture, shortwave radiation, evaporation,
and flash drought onset speed, respectively.
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onset speeds can reduce preparedness time and increase the vulner-
ability of exposed populations and ecosystems.

Discussion
The observed AOD evolution shows consistent temporal behavior
across independent datasets. In our study, the comparison between
MODIS and AERONET shows consistent AOD magnitude, interannual
variability, and long-term changes (Supplementary Fig. 11), suggesting
the robustness of AOD variability during flash drought onset under
observed conditions. This is also consistentwith long-term evaluations
demonstrating good temporal stability of MODIS Collection 6.1 rela-
tive to AERONET44. However, changes in cloud occurrence may alter
sampling density and introduce uncertainty into AOD variability.
Because AERONET direct-sun observations are cloud-screened, this
comparison cannot fully constrain aerosol variations missed during
cloudy conditions. Previous studies have shown that such sampling
effects are generally limited for globally aggregated AOD statistics but
can influence sampling representativeness, depending on spatial scale
and cloud conditions45,46. Therefore, although the consistency

between MODIS and AERONET supports the robustness of the
observed AOD variability under available clear-sky conditions, the
influence of this sampling limitation on AOD variability remains
uncertain in persistently cloudy environments. For model simulations,
we assessed 11–37 ensemble members from each CMIP6 climate
experiment (Supplementary Table 2), using available models that
provide daily surface soil moisture outputs. Comparisons between
observational results and CMIP6 historical simulations reveal spatial
consistency in flash drought characteristics (Supplementary Fig. 12).
Furthermore, these flash drought characteristics exhibit agreement
across different models, reflecting reliable representations of soil
moisture dynamics in the land surface components currently coupled
within climate modeling systems47–54. Consistent hotspot regions (e.g.,
North America, southernAfrica, and central Asia) are captured by both
observations andmodels, except for Greenland and the Sahara, where
soil moisture conditions are extreme55,56. Overall, the strong spatial
correspondence between observations and CMIP6 simulations
strengthens confidence in using these climate models to investigate
flash drought characteristics. Besides model validation, we performed

Fig. 4 | Risk of flash drought acceleration under anthropogenic aerosols-only
(AA-only) forcing. a Risk ratio of flash drought onset speed from AA-only forced
CMIP6model simulations at each grid cell for 1990‒2019. Values above 1 indicate a
higher risk of accelerated flash drought onset. b Regional risk of accelerated flash
drought onset driven by AA-only forcing. Blue shaded areas on the global map

indicate the trend of aerosol impacts on flash drought onset speed in each region
based on historical observations. c Future changes in the risk of accelerated flash
drought onset driven by AA-only forcing for 2030‒2059 and 2070‒2099 relative to
1990‒2019. The spatial pattern shows the trend of onset speed driven by AA-only
forcing for 2030‒2099. Significant trends are indicated with black hatched lines.
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a sensitivity analysis to test whether the identified flash droughts
depend on the soil moisture decline thresholds. Across a range of
onset speed thresholds (5–20%per pentad), the spatial distributions of
flash droughts exhibit a globally similar pattern (Supplementary
Fig. 13). The hotspot regions of rapid flash drought remain consistent
when using different thresholds, indicating that the choice of onset
speed threshold does not fundamentally alter conclusions regarding
regional flash drought evolution.

Comparing the observation-based and model-based results helps
to better understand the regional heterogeneity in the influence of
aerosol on flash drought onset speed. The observed AOD is a bulk-
column optical measure that reflects total aerosol loading from both
anthropogenic and natural sources, including mineral dust, sea salt,
biomass-burning smoke, and aerosols transportedover longdistances,
rather than anthropogenic aerosol loading alone. Accordingly, we
complement the observational aerosol results with AA-only experi-
ments, in which anthropogenic aerosol forcing is prescribed sepa-
rately from other external forcings, to provide an independent
constraint on the anthropogenic aerosol contribution. By comparing
observed and modeled results (Fig. 4b), we found that high risks of
flash drought acceleration under AA-only forcing generally overlap
with stronger observation-based AOD impacts. However, dis-
crepancies occur in South Asia, the Tibetan Plateau, Southeast Asia,
and several arid regions. Such discrepanciesmay partly reflect regional
differences in aerosol source composition and transport pathways,
including long-range transport of black carbon to the Himalayas and
Tibetan Plateau57,58, mineral dust transported to the Tibetan Plateau
from multiple desert source regions59, transboundary biomass-
burning emissions in Southeast Asia60, and substantial contributions
from natural dust sources in arid regions61. Because observed AOD
reflects the combined effects of anthropogenic and natural aerosols,
the regional agreement should be interpreted as consistency rather
than a direct validation of the anthropogenic aerosol contribution.
Beyond differences in sources and transport, land–atmosphere inter-
actions may further contribute to regional differences between
observation-based and AA-only simulations. Biomass-burning smoke
can interact strongly with clouds, the planetary boundary layer, and
regional circulation. Over Southeast Asia, biomass-burning aerosols
have been shown to enhance low cloud formation through coupled
aerosol–cloud–boundary layer interactions and modulate monsoon
circulation62. Similar associations between smoke aerosols and low
clouds have also been reported over the Indian region63. These pro-
cesses suggest that observed AOD-based relationships may incorpo-
rate effects of biomass burning, aerosol transport, andmeteorological
feedbacks that are not directly comparable to the response isolated in
prescribed AA-only experiments.

Future projections show large spatial heterogeneity in the risk of
flash drought acceleration driven by AA-only forcing. Among the
regions projected to experience accelerated flash drought, some
instead show weakened contributions from anthropogenic aerosols in
2030‒2059. The rapid aerosol reductions before mid-century could
induce pronounced increases in surface temperature and shortwave
radiation, whereas the incremental radiative and thermal effects of
further aerosol removal weaken once loading has already declined to a
low level14. In moisture-limited regions, the additional shortwave
radiation is increasingly partitioned into sensible rather than latent
heat, which limits increases in evaporation and soil moisture
depletion64,65. By the late 21st century, most regions are projected to
experience more rapid AA-only driven flash drought, except for some
arid regions such as WAS. The projected weakening of aerosol is lar-
gely governed by large-scale circulation change, particularly a weak-
ening of the northwesterly dust transport pathway, accompanied by
locally reduced surface wind speed, reducing the aerosol-attributed
acceleration of flash drought66. Future hydroclimatic responses to
aerosol forcing may vary regionally due to differences in climate

conditions67,68. These nonlinear forcing responses, land-surface con-
straints, and circulation changes affect the localized anthropogenic
aerosol-related flash drought risk. Thus, more in-depth research on
aerosol and extreme event interactions in these regions is needed to
better understand hydroclimatic risks modulated by complex aerosol
sources, rapid emission changes, and strong land–atmosphere
feedbacks.

In this study, we integrated multi-source observational datasets,
products and large-ensemble CMIP6 simulations to examine the
influence of aerosols on flash drought acceleration and to quantify
changes in onset speed driven by anthropogenic aerosols. Atmo-
spheric aerosols have emerged as a criticalmodulator of flash drought
dynamics, playing an increasingly important role in recent years. Our
analyses reveal a strengthening statistical association between onset
speed and aerosol variability during flash drought development. The
AA-only forcingmodel experiments show that anthropogenic aerosols
during the industrial period have masked flash drought acceleration;
however, the risk of acceleration relative to natural forcing conditions
has intensified in recent decades with the reduction of anthropogenic
aerosols. The mechanisms through which aerosols affect flash
drought onset aremultifaceted. The dominant pathway is the increase
in surface air temperature and shortwave radiation associated with
aerosol variability during the onset stage, contributing to greater
evaporation and soil moisture depletion where moisture availability
permits. The identification of distinct mechanistic pathways linking
aerosols to flash drought onset has significant implications for
understanding the physical processes influencing flash drought
evolution.

Future projections indicate accelerated flash drought in both the
2030‒2059 and 2070‒2099 periods. Under the SSP2-4.5 scenario,
strengthened air-quality and emission-control policies are expected to
cause a substantial decline in aerosol emissions in futuredecades. Such
policy-driven reductions, while yielding major co-benefits for public
health and atmospheric clarity, may be associated with faster flash
drought onset. For the AA-only experiments, future projections point
to regionally heterogeneous flash drought acceleration, as well as
higher risks that become more pronounced from mid-century
(2030–2059) to late-century (2070–2099). The higher risk of this
acceleration poses substantial challenges for ecosystem resilience and
agricultural productivity, emphasizing the need for improved early
warning systems and adaptivemanagement strategies. Future regional
vulnerability patterns provide a critical scientific foundation for tar-
geted mitigation and for advancing subseasonal-to-seasonal drought
prediction2. Our results highlight the imperative need for integrated
assessment approaches that consider the combined influence of
anthropogenic aerosols and other human-induced impacts in shaping
future hydroclimatic extremes.

Methods
Observations
Daily AOD was obtained from the Moderate Resolution Imaging
Spectroradiometer (MODIS) Collection 6.1 Level 3 global data (i.e.,
MOD08_D3 from Terra andMYD08_D3 from Aqua)25. The MODIS AOD
retrievals use the Dark Target and Deep Blue algorithms, enabling the
characterization of spatiotemporal variations in atmospheric aerosol
loading44,69,70. The Terra MODIS record begins in February 2000,
whereas the Aqua MODIS record begins in July 2002. Ground-based
AOD observations were obtained from Version 3 Level 2.0 of the
Aerosol Robotic Network (AERONET), a globally distributed network
of calibrated sun-sky radiometers providing quality-assured measure-
ments of spectral columnar aerosol loading26,27. AERONET measure-
ments were temporally collocated with the MODIS retrievals and
spatially matched to the corresponding MODIS grid cells to indepen-
dently evaluate the AOD variations identified from the satellite retrie-
vals during flash drought onset (Supplementary Fig. 11). The study was
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restricted to the period of overlapping Terra and Aqua MODIS cover-
age to ensure the availability of observations from both satellites.

Daily surface soil moisture was obtained from Version 09.2 of the
European Space Agency Climate Change Initiative (ESA CCI) soil
moisture dataset, which is derived from multiple active microwave
scatterometers and passive microwave radiometers to provide a
temporally consistent and global daily soil moisture record28. The
complete Version 09.2 record covers the period from 1978 to 2024. In
this study, ESA CCI soil moisture was used to identify flash droughts
and characterize their onset because of its global coverage and daily
temporal resolution71–74. In situ soil water content from
FLUXNET2015 sites was used to independently assess the temporal
variability of daily soil moisture. The FLUXNET dataset has 207 sites
providing soil moisture; however, only a few sites have observational
records spanning decades75. We therefore used all sites with valid soil
water contentmeasurements and compared the temporal variations in
the station observations with those from the corresponding ESA CCI
grid cells. Given the limited temporal continuity and spatial repre-
sentativeness of the station observations, ESA CCI soil moisture was
used for flash drought analyses. Daily evaporation and potential eva-
poration fromGLEAM v4.276 and hourly meteorological variables from
ERA577, including 2-m air temperature, 2-m dewpoint temperature,
shortwave radiation and total cloud fraction, were also used to inves-
tigate the physical mechanisms driving flash drought onset.

To characterize the variability of aerosol changes during the flash
drought onset stage, both AOD and flash drought onset speed were
converted to standardized anomalies. For each variable y tð Þ, the
standardized time series is defined as:

yz tð Þ= y tð Þ � �y
σy

ð1Þ

where �y and σy are the mean and standard deviation of y calculated
over global land from 2003 to 2024. This standardization was applied
separately to AOD and onset speed, denoted as AODz and Speedz in
Fig. 1, respectively. For the regional andglobal scale analyses, grid-level
AOD and onset speed were first spatially averaged using area weights
and then standardized.

CMIP6 climate model simulations
We obtained daily soil moisture from the Coupled Model Inter-
comparison Project Phase 6 (CMIP6) model simulations to character-
ize flash droughts across global land areas, utilizing outputs from
multiple Earth System Models to enhance the robustness of the
simulations and reduce uncertainty (Supplementary Table S2)29. To
isolate the contributions of individual external forcings to flash
drought characteristics, we analyzed simulations from the Detection
and Attribution Model Intercomparison Project (DAMIP), a coordi-
nated framework within CMIP6 that includes three key forcing com-
ponents: anthropogenic greenhouse gas concentrations (GHG),
anthropogenic aerosol emissions (AER), and natural forcings including
solar irradiance variations and volcanic aerosol loading (NAT)30. For
future projections, we examined the period 2015‒2100 under the
Shared Socioeconomic Pathway 2-Representative Concentration
Pathway 4.5 (SSP2-4.5) scenario, which represents a moderate mitiga-
tion pathway with intermediate greenhouse gas emissions and socio-
economic development, and analyzed three additional SSP2-4.5 single-
forcing experiments (SSP2-4.5-GHG, SSP2-4.5-AER, and SSP2-4.5-NAT)
to assess the relative importance of different forcing mechanisms in
the future climate78. All model outputs were processed from native
model resolutions to a uniform 1° × 1° latitude-longitude grid using
bilinear interpolation following established CMIP6 data processing
procedures, and the analysis encompassed all terrestrial grid cells,
providing a global assessment of external forcing impacts.

Flash drought identification and characterization
We first aggregated surface soil moisture to a pentad scale (5-day
interval), such as January 1–5, at each grid cell. The pentad soil
moisture was then converted to percentile rankings based on the
temporal distribution of soil moisture for the corresponding pentad
during the baseline period for each grid cell. In this study, the identi-
fication methodology employs three stringent criteria, emphasizing
rapiddevelopment: (1) Soilmoisturemustdecline fromabove the40th
percentile to below the 20th percentile, representing a transition from
near-normal to severely dry conditions; (2) A minimum total duration
must exceed 3 pentads (15 days) to distinguish flash drought events
from short-term variability; (3) The decline rate of soil moisture must
exceed the 5th percentile of decline rates, ensuring only the most
rapidly developing events are classified as flash droughts. Flash
drought termination was defined by the recovery of soil moisture
above the 20th percentile. The onset period was defined as the dura-
tion required to satisfy criterion (1), and theonset speedwasquantified
by the rate of decrease in soil moisture percentile from above the 40th
percentile to below the 20th percentile during each event. This fra-
mework ensures consistent reference across all reanalysis products
and climate model simulations, enabling comparative analysis of flash
drought development under different anthropogenic forcing
scenarios.

The detection of flash drought episodes is sensitive to the choice
of products, parameters, and analyticalmethodologies employed. The
aforementioned criteria utilized in this study have been applied
extensively in existing studies1,3,79. To enhance reliability and con-
sistency, we employed several complementary strategies. First, we
adopted an ensemble methodology incorporating multiple soil
moisture products for flash drought detection. Although individual
products exhibit some variability, ensemble averaging reveals robust
large-scale patterns. We used 11‒37 ensemble members from each
CMIP6 climate experiment for the multi-model ensemble, and the
resulting climatology of flash drought closely aligns with that derived
from observations. We also evaluated methodological sensitivity by
varying the thresholds used to define soil moisture decline rates. This
validation framework, combining multi-ensemble detection and
threshold sensitivity analysis, improves the robustness of flash
drought identification and strengthens confidence in the attributionof
anthropogenic influences on flash drought acceleration.

Bivariate dependence using copulas and probability
multiplication factor
To characterize the complex dependence between AOD and soil
moisture decline, we employed bivariate copula functions to model
their joint probability distribution. This copula-based approach pro-
vides a framework for analyzing concurrent extreme events and
quantifying their joint occurrence80. The joint cumulative distribution
function of two variables, X and Y, can be expressed as81:

FX , Y x, yð Þ=PðX ≤ x, Y ≤ yÞ ð2Þ

where X and Y represent soil moisture and AOD during the flash
drought onset period, respectively, and P denotes their joint prob-
ability distribution. The corresponding marginal distributions are
defined as FX xð Þ=PðX ≤ xÞ and FY yð Þ=PðY ≤ yÞ for variables X and Y,
respectively. According to Sklar’s theorem, the joint distribution can
be uniquely decomposed as:

FX ,Y x, yð Þ=C FX xð Þ, FY yð Þ� �
=C u, vð Þ, 0 ≤u, v≤ 1 ð3Þ

The fundamental transformation converts the marginal distribu-
tions FX xð Þ and FY yð Þ into uniformly distributed variables u and v on
the unit interval [0, 1], while the copula function C captures the com-
plete dependence structure between the variables. To determine the
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optimal copula family for our analysis, we evaluated multiple copula
families, including the Gaussian, Student’s t, Clayton, Gumbel, and
Frank copulas, each designed to capture distinct dependence
patterns81. Model selection was performed using the Bayesian Infor-
mation Criterion (BIC) to identify the most appropriate copula repre-
sentation for each grid cell.

We quantified the concurrent probabilities of soil moisture and
AOD deficits at multiple threshold levels. Specifically, we calculated
the joint occurrence probability of soil moisture below the 30th per-
centile and AOD below the 30th percentile as P u<0:3 \ v<0:3ð Þ. To
assess increasingly severe drought conditions, we further evaluated
joint probabilities for more extreme thresholds: P u<0:2 \ v<0:3ð Þ,
P u <0:1 \ v<0:3ð Þ and P u<0:05 \ v <0:3ð Þ. Additionally, we applied
the probability multiplication factor (PMF) to quantify how the
dependence between soil moisture declines and AOD varies. The PMF
is defined as the ratio of joint probability to the product of marginal
probabilities, where a PMF value greater than 1 indicates positive
dependence that amplifies the likelihood of concurrent extreme
events.

Dynamic impacts of aerosol on flash drought onset speed
Traditional linear regression with constant coefficients cannot ade-
quately capture the non-stationary influences of predictors on
response variables. However, the relationship between atmospheric
aerosols and soil moisture is non-stationary in a changing climate
system. For instance, the cooling effects of aerosols have declinedover
the recent two decades12,82. Recent studies have demonstrated that
aerosols exert varying impacts on hydrometeorological variables and
extreme events14,22,83. To address these temporal dynamics, we
employed a Bayesian Dynamic Linear Model (DLM) to examine the
evolving relationships between aerosols and flash drought onset
speed. The Bayesian DLM overcomes this limitation by allowing
regression coefficients (bᵢ) to vary temporally36,84,85. This capability
enables characterization of time-evolving influences exerted by pre-
dictor variables Xi on the response variable Y :

Y tð Þ= b0 tð Þ+b1 tð ÞX 1 tð Þ+ � � � + bM tð ÞXM tð Þ+ ε tð Þ ð4Þ

bi tð Þ=bi t � 1ð Þ+wi tð Þ ð5Þ

where ε tð Þ � N 0,V tð Þ½ � and wi tð Þ � N 0,Wi tð Þ
� �

are independent noise
terms, distributed normally with a mean of 0 and variances of V ðtÞ
and WiðtÞ.

The state equation (Eq. (5)) describes the evolution of the para-
meters at each step based on the previous state and current observa-
tions. Bayes’ theorem integrates prior information with observations
to sequentially update parameter distributions. We employed a Baye-
sian DLM to investigate the non-stationary impacts of aerosols on the
onset speed of flash drought. Flash drought onset speed is jointly
regulated by multiple factors, such as surface temperature (T2M),
shortwave radiation (SWR), precipitation, VPD, soil moisture (SM),
vertically integrated moisture divergence (VIMD), and 850hPa vertical
velocity (w). Thus, we incorporated these factors into the model
simulations to account for their confounding effects and to more
robustly quantify the independent contribution of the processedAOD-
related variable. Before performing the Bayesian DLM, we examined
the multicollinearity among candidate variables using a backward-
eliminationprocedure, whereby variables exceeding a VIF thresholdof
5 in more than half of all regions were iteratively removed. Then, the
effects of confounding factors on AOD were also removed:

AOD=a0 +
X

akxk + ε ð6Þ

AODresidual =AOD� a0 +
X

akxk

� �
ð7Þ

In this study, X 1 � XM representAODresidual , T2M, SWR, SM,VIMD,
and w, respectively, and Y(t) represents the onset speed of flash
drought. This multivariate framework reduces the likelihood that the
inferred AOD effectmerely reflects covarying climate variability rather
than an independent aerosol-related influence. The b0 tð Þ term repre-
sents a time-varying level or intercept whose variability is unexplained
by the independent predictors X 1 � XM , while the b1 term represents
the non-stationary influence of X 1 on Y . A 10-yrmovingwindow is used
to investigate the temporal evolution of the impacts of AOD on onset
speed by comparing the contribution of AOD in Bayesian DLM simu-
lations and observed Y(t): This temporal approach helps to capture the
changing relationship between human-induced aerosol emissions and
flash drought onset speed.

Structural equation modeling
We employed structural equationmodeling (SEM) analysis to estimate
pathway relationships among aerosol-induced climate changes during
the onset stage of flash drought. The analysis was conducted using the
Lavaan package86, which applied covariance structure modeling to
decompose multivariate associations by reconstructing the observed
variance-covariance matrix. The model performance was evaluated
using a chi-squared test that compares the estimated and the observed
covariance matrices. Acceptable model fit (P > 0.05) suggests that the
proposed path adequately captures the underlying structure. We
assessed the model using additional fit indices, including the Com-
parative Fit Index, Goodness-of-Fit Index, and StandardizedRootMean
Square Residual.

Our conceptual framework synthesized established climatologi-
cal relationships from previous research1,5. Aerosols, acting as the
primary driver, influence multiple climatic variables, including total
cloud cover, air temperature, and shortwave radiation. The framework
conceptualizes flash drought onset speed as responding to inter-
connected factors of soil moisture declines and evaporation. We
hypothesized that aerosol-induced changes in cloud cover and tem-
perature modulate soil moisture and evaporation, which further lead
to changes in flash drought onset speed. On the other hand, aerosols
influence evaporation by modifying shortwave radiation. Given docu-
mented evidence linking climatic variables to soil drying processes, we
also comparedpotential evapotranspiration and vapor pressure deficit
as pathways in our analyses. The multi-factor approach acknowledges
that flash drought onset results from complex interactions among
water availability, atmospheric demand and radiation, modulated by
aerosol changes.

Risk ratio assessment of anthropogenic impacts
We analyzed the global and regional risks of accelerated flash drought
onset speed by employing probability ratios (PR). The PR metric, also
termed the risk ratio, provides a quantification of flash drought
acceleration risk attributable to human-induced climate changes
relative to natural forcing alone87,88. The PR for each grid is defined as:

PR=
PAC

PNAT
ð8Þ

where PAC represents the probability of flash drought onset speed
simulated by individual anthropogenic forcings, including PAA (AA-
only) and PGHG (GHG-only) forcings. PNAT represents the probability of
flash drought onset speed from NAT-only forcing. The risk ratio is
calculated at each land grid cell. In this study, we focused on the
assessment of the risk ratio associated with anthropogenic aerosols
during the historical (1990–2019) and future periods (2030–2099).

Reporting summary
Further information on research design is available in theNature
Portfolio Reporting Summary linked to this article.
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Data availability
Daily MODIS Collection 6.1 Level 3 data (MOD08_D3 and MYD08_D3)
are available at https://ladsweb.modaps.eosdis.nasa.gov/. Daily AOD
observations are available at https://aeronet.gsfc.nasa.gov/new_web/
aerosols.html. Daily soil moisture from the European Space Agency
Climate Change Initiative is available at https://climate.esa.int/en/data/
. Soil moisture from the FLUXNET community is available at https://
fluxnet.org/data/download-historical-data/. Potential evaporation is
available at https://www.gleam.eu/. Atmospheric variables from ERA5
are available at https://cds.climate.copernicus.eu/datasets. The CMIP6
climate model simulations and individual anthropogenic forcing
experiments from DAMIP are available through the Earth System Grid
Federation at https://esgf-node.llnl.gov/search/cmip6/.

Code availability
The code used for analysis is available at https://doi.org/10.5281/
zenodo.22977310.
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