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Flash droughts have occurred frequently worldwide, with a rapid onset that challenges drought
monitoring and forecasting capabilities. However, there is no consensus on whether flash droughts have
become the new normal because slow droughts may also increase. In this study, we show that drought
intensification rates have sped up over subseasonal time scales and that there has been a transition
toward more flash droughts over 74% of the global regions identified by the Intergovernmental Panel
on Climate Change Special Report on Extreme Events during the past 64 years. The transition is
associated with amplified anomalies of evapotranspiration and precipitation deficit caused by
anthropogenic climate change. In the future, the transition is projected to expand to most land areas,
with larger increases under higher-emission scenarios. These findings underscore the urgency for
adapting to faster-onset droughts in a warmer future.

roughts are periods of time with a per-

sistent water deficit (Z, 2), which can

cause devastating impacts on regional

economies and environments (3-5), as

well as on human health (6). Droughts
mainly originate from large-scale internal cli-
mate variability, in which ocean-atmosphere
teleconnections associated with phenomena
such as the El Nifio-Southern Oscillation, Pa-
cific Decadal Variability, and Atlantic Multi-
decadal Variability play critical roles in drought
formation and persistence over interannual
to decadal time scales (7, 8). For droughts that
occur over shorter seasonal time scales, the
dominant drivers can also include local or
remote land-atmosphere feedbacks (9, 10).
The multiscale interactions among these dif-
ferent parts of the climate system raise chal-
lenges for drought forecasting and impact
mitigation. Droughts are also influenced by
anthropogenic forcings such as climate change
(2, 11), 1and use or land cover change, and hu-
man water consumption and management
(12, 13). As global warming accelerates the
terrestrial water cycle (14, 15), agricultural and
hydrological droughts have increased sub-
stantially in many regions (11, 16, 17) and are
projected to become more frequent, longer,
and more severe in a warmer future (2, 11, 18).
Such statements are based on analysis of
droughts at seasonal, annual, or decadal time
scales. However, recent studies have shown
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that droughts also occur frequently at sub-
seasonal time scales worldwide (4, 5, 19-24)
and can develop into severe droughts with-
in a few weeks. These rapid-onset droughts
are termed “flash droughts” in contrast with
conventional droughts that evolve slowly. In
addition to large precipitation deficits, flash
droughts are also caused by abnormally high
evapotranspiration that depletes soil water
quickly (25-29), which challenges current
drought monitoring and forecasting capabil-
ities (30-34) that were developed to detect
slowly evolving droughts.

The concept of flash droughts was proposed
at the beginning of the 21st century but did
not receive wide attention until the occurrence
of the severe US drought in the summer of
2012 (5, 28, 30, 34). This drought was regarded
as one of the most severe US droughts since
the 1930s Dust Bowl and caused more than
US$30 billion of economic losses (35). One of
the distinctive features of this drought was its
extremely rapid onset, with many locations
going from drought-free to extreme drought
conditions within a month. This rapid intensi-
fication was unexpected, and no operational
prediction models captured its onset (30). In
this regard, some flash droughts can be con-
sidered as the onset stage of a long-term
drought, the impacts of which are amplified
by a subsequent persistent period of severe
drought conditions (23, 30, 36). Moreover,
even without a transition to seasonal drought,
these rapidly evolving subseasonal droughts
have substantial impacts on vegetation growth
(87) and can trigger compound extreme events
such as heat waves or wildfires. Previous
studies have focused on the evolution and
changing characteristics of flash droughts
(5, 20-29) and found that human-induced
climate change has increased the frequency
of flash droughts throughout southern Africa
(20) and China (2I). A recent study presents
a 36-year climatology report of global flash

flash droughts throughout several key reg....c————

(38). However, no consensus has been reached
on whether there has been a transition from
slow to flash droughts at the global scale, be-
cause the frequency of slower-developing
droughts at subseasonal time scales may also
increase. There is currently no robust evidence
that drought intensification rates have in-
creased globally, although several studies have
speculated such increases by relating drought
onset with global warming (16, 21).

In this study, we investigated changes in the
speed of global drought onset and the parti-
tioning between flash and slow droughts.
We divided subseasonal droughts into flash
droughts (21, 28) and slow droughts by onset
speed measured by the declining rate of soil
moisture and present their global distribu-
tions during the local growing season over the
past 64 years. We then estimated the global
trend of the ratio of the number of flash droughts
to total subseasonal droughts and the global
trend of the onset speed of subseasonal droughts
and attributed these trends to anthropogenic
climate change on the basis of the sixth Coupled
Model Intercomparison Project (CMIP6) (39)
climate model simulations (table S1). We also
showed how these trends vary over different
IPCC SREX (Intergovernmental Panel on Cli-
mate Change Special Report on EXtreme events)
regions (40).

Global distributions of flash and
slow droughts

On the basis of estimates of soil moisture
from three global reanalyses from 1951 to
2014, subseasonal drought events are iden-
tified as pentad-mean soil moisture declines
from above the 40th percentile to below the
20th percentile and then increase to above
the 20th percentile again [supplementary ma-
terials (SM), materials and methods]. The min-
imum duration for subseasonal droughts is
20 days to exclude dry spells that are too short
to cause substantial impacts. We then divided
the subseasonal droughts into flash and slow
droughts depending on the rate of the reduction
in soil moisture (21) during the onset stage (fig.
S1). We used the ratio of flash drought events to
the total number of subseasonal drought events,
and the subseasonal drought onset speed (SM,
materials and methods), to quantify the tran-
sition to flash droughts by determining whether
there are significant trends in these two indices.
Flash droughts tend to occur more often than
slow droughts over humid regions with lower
aridity (Fig. 1A and fig. S2), where flash-drought
frequency is two to three times greater than
other regions (fig. S3A). By contrast, slow drought
occurrence has smaller spatial variability (fig.
S3B). Flash droughts usually last for 30 to
45 days, whereas slow droughts usually last for
40 to 60 days (fig. S4). The uncertainty across
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the three reanalyses is low over most humid
and semihumid regions but high over arid
regions (fig. S5).

The regions with a higher flash drought
ratio also have faster drought onset speeds
(Fig. 1B), which are associated with large pre-
cipitation deficits and/or increases in evapo-
transpiration. Compared with slow droughts,
larger precipitation deficits occur during
the onset stage of flash droughts over most
global land areas (fig. S6A). In addition to
the precipitation deficit, the increase in evapo-
transpiration (fig. S6B) accelerates the draw-
down of soil moisture, which results in a
higher likelihood of flash drought over humid
regions, such as Europe, North Asia, south-
ern China, eastern and northwestern parts
of North America, and the Amazon. Evapo-
transpiration over these regions is energy
limited, and the enhanced radiation because
of fewer clouds drives the increase in evapo-
transpiration and speeds up drought onset.
Over regions with higher aridity (such as
northern China, western India, and parts of
Africa), evapotranspiration is water limited
(41), and the decrease in evapotranspiration
during the onset stage suggests that precipita-
tion deficit is the main driver of flash droughts
(fig. S6).

Detection and attribution of changes
in global droughts

Given that global land evapotranspiration is
increasing in a warming climate (14, 42), it
was hypothesized that drought onset may
speed up globally (16). In this study, we pro-
vide robust estimations that there are upward
trends in the global mean flash drought ratio
(P < 0.1) and subseasonal drought onset speed
(P < 0.1) from 1951 to 2014 (Fig. 2, A and B),
which means that subseasonal droughts have
developed faster and shifted from slow to flash
droughts at global scale. To assess whether the
global trends are sensitive to the definition of
flash droughts (43), we increased and decreased
the soil moisture thresholds for drought start-
ing and ending points as well as drought on-
set speed and found that the upward global
trends remain significant (P < 0.1) (fig. S7).
The upward global trends are well captured
by the state-of-the-art CMIP6/ALL multi-model
ensemble simulations (P < 0.1) (Fig. 2, A and
B), in which both the anthropogenic climate
forcings (anthropogenic emission of, for exam-
ple, greenhouse gases and aerosols) and natural
climate forcings (solar and volcanic activities)
are considered. The CMIP6/ALL ensemble sim-
ulations also roughly capture the spatial pat-
terns of long-term climatology of flash drought
ratio and subseasonal drought onset speed
(fig. S8). However, the global trends are not
captured by the CMIP6/NAT ensemble sim-
ulations that only consider natural climate
forcings (Fig. 2, A and B). The best estimates of
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Fig. 1. Spatial distributions of the flash drought ratio and the onset speed of subseasonal droughts.
(A) The ratio (%) of flash drought events to the sum of flash and slow drought events [subseasonal drought
events (SM, materials and methods)]. (B) The mean onset speed (%/pentad) for both flash and slow
droughts. All statistics are based on the average results from ERA5, GLDASv2.0/Noah, and GLDASv2.0/
Catchment global reanalysis data during the growing seasons of 1951 to 2014 (April to September for the
Northern Hemisphere and October to March for the Southern Hemisphere).

scaling factors (SM, materials and methods)
show that only the ANT (ALL-NAT; anthropo-
genic forcings) signal is detectable, with con-
tributions of 48% (10 to 86%) and 39% (13 to
70%) to the increases in flash drought ratio
and subseasonal drought onset speed, respec-
tively (Fig. 2, C and D). With CMIP5 models
included, the detection and attribution results
remain similar (fig. S9). We therefore conclude
that the global transition to more frequent
flash droughts during the past 64 years is in-
fluenced by anthropogenic climate change.
During the onset stage of subseasonal droughts,
there has been a significant increase (P < 0.1)
in strong anomalies of global evapotranspira-

tion and a significant decrease (P < 0.1) in strong
anomalies of precipitation surplus (precipita-
tion minus evapotranspiration) during the past
64 years, in which anthropogenic contribu-
tions are detectable (fig. S10). The decrease in
strong anomalies of precipitation surplus is
dominated by the increase in strong anomalies
of evapotranspiration because strong anomalies
of precipitation show a small and insignificant
decreasing trend (P < 0.1). Again, the results
were similar after incorporating CMIP5 models
(fig. S11). Therefore, anthropogenic climate
change has significantly (P < 0.1) amplified
the strong anomalies of global evapotranspira-
tion and precipitation surplus and ultimately
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Fig. 2. Attribution for changes in global mean flash drought ratio and
onset speed of subseasonal droughts. (A) Observed and simulated anomalies
of the ratio (%) of flash drought events to subseasonal drought events averaged
over the globe from 1951 to 2014. The black line indicates the results based

on three global reanalysis datasets (OBS, mean of three reanalyses), and red and
blue lines show the ensemble mean results based on CMIP6 climate model
simulations with ALL and NAT forcings, respectively (table S1). The thick lines are
10-year running means, and the pink and cyan shadings display the 5 to 95%
ranges of ALL and NAT ensemble simulations, respectively. (C) The best
estimates of the scaling factors (left axis) and attributable increasing trends
(%/year, right axis) from two-signal [ANT (ALL-NAT) and NAT] analysis of the
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changes in flash drought ratio for the period of 1951 to 2014. The time series
used for detection and attribution are nonoverlapping 2-year averages (SM,
materials and methods). Error bars indicate their corresponding 5 to 95%
uncertainty ranges. (B) and (D) are the same as (A) and (C), except for the
anomalies of onset speed of subseasonal droughts (%/pentad), scaling factors, and
attributable trends (%/pentad/year) for the changes in onset speed from 1951 to
2014. Ratio and onset speed were identified at each grid cell and then averaged over
the globe (excluding Antarctic, Greenland, and deserts) with consideration of the
weights of grid areas. All of the statistics were calculated during the growing seasons
(April to September for the Northern Hemisphere and October to

March for the Southern Hemisphere).

has sped up drought onset and enhanced the
global transition to more frequent flash droughts.

Regional drought changes in the past
and projected future

A significant global transition to flash droughts
is driven by regional increases in flash drought
ratio over 74% of the IPCC SREX regions,
notably for the significant increases (P < 0.1)
over East and North Asia, Europe, Sahara,
and the west coast of South America (Fig.
3A). Moreover, the onset speed of subseaso-
nal droughts has increased over most regions,
with significant increases (P < 0.1) over North
Asia, Australia, Europe, Sahara, and the west
coast of South America (Fig. 3B). These re-
gions’ significant increases in flash drought
ratio and subseasonal drought onset speed
(Fig. 3, A and B) are largely because of the
increases in the frequency and onset speed of
flash droughts (fig. S12). The regions with in-
creasing onset speed but decreasing flash
drought ratio suggest that the transition from
slow to flash droughts might not be stable
(Fig. 3, A and B). For example, East Africa,
Northeast Brazil, and western North America
show a historical decline in the flash drought
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ratio (Fig. 3A), but the frequency increases for
both flash and slow droughts (fig. S12, A and
C). These regions may eventually switch to a
more stable transition once the onset speed
increases to a certain level in the future. There
are also regions with decreased frequency for
both flash and slow droughts (such as eastern
North America, southern South America, North
Australia, and Southeast Asia), but the drought
onset speed has increased (fig. S12). Almost
all regions—except the Amazon and West
Africa—show increasing trends in flash drought
ratio and/or subseasonal drought onset speed
(Fig. 3, A and B). For the Amazon, there is
no evidence of a transition to flash droughts
because drought onset speed decreases and
flash-drought frequency decreases, whereas
slow-drought frequency increases (fig. S12).
For West Africa, both flash and slow droughts
increase, whereas flash droughts occur faster
and slow droughts occur slower, which sug-
gests a more extreme drought condition even
without an obvious transition signal (fig. S12).
The results are similar for those with different
drought thresholds (figs. S13 to S15).

Because of the regional differences in the
responses to global warming, projecting drought

changes at the regional scale is more challeng-
ing than that at the global scale (44-46). The
CMIP6 climate model ensemble simulations
roughly capture the historical changes in flash
drought ratio and subseasonal drought on-
set speed, and 67 and 81% of the IPCC SREX
regions show the same trends in ratio and speed
between climate models and observations
(Fig. 3, A and B, and fig. S16). Under a mod-
erate emission scenario (SSP245) from 2015
to 2100, future projections show significant
increasing trends (P < 0.1) in the flash drought
ratio and subseasonal drought onset speed over
almost all IPCC SREX regions (Fig. 3, C and
D). Under a higher emission scenario (SSP585),
the increasing trends become stronger over
most regions (fig. S17). The projection results
are similar for different drought thresholds
(figs. S18 and S19) and different sets of climate
models (fig. S20). Although flash droughts
would only increase across 59% of the regions,
and slow droughts would decrease over most
regions, onset speeds for both flash and slow
droughts would increase over most regions
(figs. S21 and S22). Therefore, when droughts
do occur in the future, they are more likely to
be rapid-onset droughts. Although there are
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Fig. 3. Historical and future trends in flash drought ratio and onset

speed of subseasonal droughts averaged over the IPCC SREX regions.

(A) Observed trends (%/year) in regional mean ratio of flash drought events
to subseasonal drought events from 1951 to 2014 based on the mean time
series of three global reanalyses. (B) The same as (A), except for the

trends (%/pentad/year) in regional mean subseasonal drought onset speed.
(C) Projected future trends (%/year) in regional mean flash drought ratio from
2015 to 2100 based on CMIP6 climate model ensemble mean simulations under

uncertainties in the climate model projections,
the results suggest that the transition to flash
droughts is more stable and rapid in a warmer
future, and the higher-emission scenario would
lead to a greater risk of flash droughts with
quicker onset, which poses a substantial chal-
lenge for climate adaptation.

Implications for climate adaptation

The transition toward more frequent flash
droughts presents challenges for unraveling
the anthropogenic influence on compound ex-
tremes (44), broadening our understanding
of drought impacts (5, 37) across time scales
and improving drought prediction capability
(83) for timely early warning. The increasing
drought onset speed primarily comes from
intensifying rainfall deficit and increasing
evapotranspiration caused by anthropogenic
climate change (fig. S10), which dries the soil
quickly and creates ideal conditions for heat
waves. Because the cooccurrence of heat waves
and droughts is increasing globally according
to the latest IPCC Sixth Assessment Report
(44), the anthropogenic-enhanced transition
to flash droughts suggests the need to under-
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stand flash drought-heat wave interactions both
locally and remotely under climate change.

The transition to flash droughts may have
irreversible impacts on terrestrial ecosystems
(5, 37). The impacts of extreme droughts on
vegetation productivity are expected to in-
crease in a warming future (47-49), but the
findings are for long-term droughts with slow
evolution. Because flash droughts develop
more rapidly with higher temperatures (27),
ecosystems may not have enough time to adapt
to the sudden onset of large water deficits and
heat extremes, resulting in a rapid reduction
in ecosystem productivity (37). In addition,
possible future increases in the durations of
flash and slow droughts (fig. S23), as well as
the increase in total subseasonal drought
days caused by the increase in flash drought
days (fig. S24), also suggest exacerbated im-
pacts on ecosystems. Assessing such exacer-
bated impacts will comprehensively broaden
our understanding of drought-vegetation in-
teractions at time scales from yearly down to
subseasonal.

The acceleration of drought onset also raises
substantial challenges for drought monitor-

-0.006 -0.003 0

SSP245 scenario. (D) The same as (C), except for the trends (%/pentad/year)

in regional mean subseasonal drought onset speed. Ratio and onset

speed were identified at each grid cell for each model and were then averaged
over the IPCC SREX regions with consideration of the weights of grid areas. All
of the statistics were calculated during the growing seasons (April to
September for the Northern Hemisphere and October to March for the
Southern Hemisphere). Hatching represents a significant trend with

P < 0.1 based on the nonparametric Mann-Kendall test.

0.003 0.006 0.009

ing and prediction (33). Effective monitoring
of subseasonal droughts needs careful and
objective selection of drought indices because
various types of droughts (such as meteoro-
logical, agricultural, and hydrological droughts)
also have different implications at the sub-
seasonal time scale. The temporal resolutions
of most current monitoring approaches are
generally too coarse to capture the onset of
flash droughts, and more frequent updates
with drought indices suitable for shorter time
scales are needed (33). For predictions, current
approaches are aimed at predicting droughts
at seasonal to decadal time scales, depending
on oceanic and terrestrial sources of drought
predictability (7-10). For subseasonal drought
prediction, the Madden-Julian Oscillation,
Southern and Northern Annular Modes, and
Indian Ocean Dipole may provide relevant
sources of predictability (33, 50), but these
large-scale signals should be connected with
local synoptic anomalies [through Rossby
wave train (50)] because most flash droughts
do not have a wide spatial coverage. The link-
age of these teleconnections with local or re-
mote land-atmospheric coupling (10) could
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provide a source of predictability for flash
droughts.

Anthropogenic climate change is driving the
transition to flash droughts, which has a wide
range of implications for our understanding of
climate change and its impacts, as well as how
we can adapt to these changes. Improved un-
derstanding is needed for the adaptive capacity
of natural ecosystems and human-managed
environments that may be more susceptible to
flash droughts and associated compound ex-
treme events. Early warning of flash drought
onset on time scales of a few weeks can be
hugely beneficial for mitigating their impacts
and managing the risk of this new normal.
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Dry in aflash

Are flash droughts, those that develop unusually rapidly unlike those that develop more slowly and typically have
been considered the archetype, becoming the new normal? Yuan et al. show that droughts have begun to intensify
more rapidly since the 1950s and that flash droughts have become more common over much of the world (see the
Perspective by Walker and Van Loon). This trend, which makes drought monitoring and forecasting more difficult, is
associated with greater evapotranspiration and precipitation deficits caused by anthropogenic climate change and is
projected to expand to all land areas in the future. —HJS
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