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Increased risk of flash droughts with raised concurrent hot and
dry extremes under global warming
Zhaoqi Zeng1,2,3,4, Wenxiang Wu 1,5✉, Josep Peñuelas 3,4✉, Yamei Li5, Wenzhe Jiao6, Zhaolei Li7, Xinshuai Ren1,2, Ke Wang1,2 and
Quansheng Ge1✉

Flash droughts pose large threats to crop yields and ecosystem services due to their sudden onset and rapid intensification,
arousing wide public concern in a warming climate. Their long-term characteristics of change, underlying mechanisms, and
especially potential impacts on agriculture, forests, and populations at a global scale, however, remain largely unknown. We used in
situ observations, two observation-based global reanalysis data sets, and 22 Earth system models to determine that flash droughts
are shifting toward more frequent, accelerated-onset, and longer duration. These changes increased the exposure of agricultural
areas, forested areas, and populations to flash droughts by 20.3%, 17.1%, and 30.0%, respectively, during 2001–2020 compared to
1981–2000, with a disproportionate increase in integrated risks across the Amazon Basin and eastern and southern Asia. The
increase in concurrent hot and dry climatic conditions driven by warming has been mostly responsible for enabling and
intensifying flash droughts over large regions. State-of-the-art Coupled Model Intercomparison Project Phase 6 (CMIP6) models,
however, failed to identify the acceleration of the onset time of flash droughts and widely underestimated the occurrence of flash
droughts that are driven only by precipitation deficits or by heat waves, probably because they misrepresent the dependence
between precipitation and temperature and underestimate the sensitivity of soil moisture to temperature and precipitation at short
timescales (e.g., 5 days). These syntheses comprehensively advance our understanding of the characteristics and impacts of flash
droughts but also highlight that the CMIP6 models need to be validated to represent the correct covariability between climatic
variables at short timescales to provide more reliable projections of flash droughts.
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INTRODUCTION
Droughts have been, and will continue to be, large threats to
agricultural, environmental, and even socioeconomic systems
under global warming1–4. In the conventional notion, drought
generally refers to a slow phenomenon attributable to a gradual
accumulation of negative precipitation anomalies and may persist
for several months or years5,6. Recent studies, however, have
indicated that droughts can also develop unusually rapidly under
extreme atmospheric conditions (e.g., precipitation deficits and
heat waves) within a few pentads (i.e., 5 days) or weeks. The term
“flash drought” has been coined to describe this type of drought
with a rapid onset and intensification7–10. Compared with
conventional slowly developing droughts, flash droughts often
surprise stakeholders (e.g., farmers), leaving little time for drought
preparation and mitigation and thus potentially causing more
catastrophic impacts on the agricultural and ecological sec-
tors11,12. For example, the 2012 flash drought in the central
United States of America, which intensified rapidly from non-
drought to extreme or exceptional drought conditions during the
growing season, was one of the most expensive natural disasters
in the country. Losses of more than $30 billion were attributed to
this event, and the percentage of yield loss was one of the largest
on record since 186613. Eastern Australia also experienced a
sudden shift from wet conditions in December 2017 to extremely
dry conditions in January 2018. This rapid development of

drought led to widespread tree mortality and the smallest
livestock populations in the country14. In particular, such “flash”
extreme events may become more prevalent than expected, given
that increasing atmospheric water demand and strengthening
feedbacks between the land and atmosphere in a warming
climate may further exacerbate the drying process in a faster and
more intense manner15,16. Understanding the characteristics and
drivers of flash droughts across regions and especially the
exposure of human and natural systems to such extremes is thus
urgently needed to form a basis for reducing vulnerability and to
improve the mitigation and response capacities of people and
systems at risk.
Precisely quantifying the development of flash droughts is

prerequisite to effectively delineating the characteristics and
assessing the impacts of drought. Recent studies have improved
the monitoring of flash droughts by using a variety of indices,
including the Standard Evaporative Stress Ratio17, the Evaporative
Stress Index18,19, the integration of the Evaporative Stress Index
and the Rapid Change Rate Index20, the Evaporative Demand
Drought Index21, the Standardized Precipitation Index and the
Standardized Evaporation Precipitation Index at short time-
scales22,23, the trajectory of solar-induced chlorophyll fluores-
cence24, and anomalies in the soil moisture15,16. Among these
indices, it is generally accepted that anomalies in soil moisture in
the root zone have particular advantages in characterizing the
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onset and identifying the impacts of flash droughts because the
root-zone soil moisture is highly sensitive to variabilities of other
climatic factors (e.g., precipitation and temperature) and is a direct
source of moisture for vegetation25,26. Several recent studies have
thus focused on the evolution and long-term trend of regional
and global flash droughts by using the root-zone soil moisture and
found that human-induced climate change has greatly increased
the frequency of flash droughts16,27,28. Especially, the speed of
drought onset may also be accelerating, as a recent study
suggests that a transition from slow to flash droughts has
occurred on a global scale29. These studies provide a useful
estimation of flash drought indices and a multi-faceted under-
standing of changing characteristics of flash droughts at regional
and global scales, generally highlighting the role of anthropogenic
warming in the long-term increasing trend of flash droughts over
the past few decades.
However, it should be noted that the climatic background

under anthropogenic warming may be quite different before and
the after 2000, as several recent studies have reported that the
atmospheric water demand (indicated by the vapor-pressure
deficit [VPD] or potential evapotranspiration) has dramatically
increased in the last two decades (i.e., after 2000) and that heat
waves and their associated disturbances (e.g., precipitation and
soil-moisture deficits) now occur more frequency than before30–32.
Such exacerbated climatic aridification and increased perturba-
tions associated with warming can not only accelerate the
increasing trend of flash droughts by speeding up the soil
moisture depletion, but may also increase the likelihood of flash
droughts being evolved into long-term seasonal droughts through
strengthening land–atmosphere feedbacks8. This suggests that
the evolution, propagation, and even driving mechanisms of flash
droughts may have changed considerably after 2000 and are
expected to pose a greater threat to vegetation growth, crop
yields, and even socioeconomic development. However, a
comprehensive comparation of the changing characteristics and
dominant drivers of flash droughts before and after 2000, as well
as an improved quantification of drought impacts on natural and
human systems at regional and global scales, is still missing. This
knowledge gap hinders a deeper understanding of the physical
mechanisms underlying changes in characteristics of flash
drought in a warming climate and restricts our ability to inform
assessments of the risks of flash droughts to interconnected
systems and coping with their societal impacts.
To address these questions, we used in situ observations from

36 flux-tower sites, two global observation-based reanalysis soil-
moisture data sets, and 22 Earth system models developed as part
of the Coupled Model Intercomparison Project Phase 6 (CMIP6) to
specifically (1) quantify the global and regional changes in the
characteristics of flash droughts (e.g., frequency, duration,
seasonality, and time of onset) between 1981–2000 and
2001–2020; (2) characterize the changes in exposure from such
flash climatic shocks to agriculture, forests, and populations; (3)
understand the role of precipitation deficits, positive temperature
anomalies, and their combinations on the evolution of flash
droughts; and (4) evaluate the ability of the CMIP6 models to
simulate the characteristics and drivers of the occurrence of flash
droughts. These investigations advance our understanding of the
development, occurrence mechanisms, and impacts of flash
droughts on a regional and global scale and provide a scientific
basis for mitigating potential losses associated with flash droughts
under global warming.

RESULTS
Definition and observed characteristics of flash droughts
To synthetically identify a flash drought and distinguish it from a
long-term seasonal drought, we considered both the rapid rate of

intensification and the duration of drought, as described by Yuan
et al.16 and Ford and Labosier33, to define flash droughts: the
pentad (5 days) soil moisture in the root zone decreases from
above the 40th percentile to below the 20th percentile, with a
mean rate of decrease no less than the 5th percentile for each
pentad during the periods when droughts develop (i.e., decrease
from t0 to t1 within 4 pentads; Fig. 1a). A flash drought will end
when the low soil moisture increases again to greater than or
equal to the 20th percentile. The time between the end of the
period of drought development (t1) and the termination of a flash
drought is defined as the duration of the drought. The duration of
a flash drought should be no less than three pentads to exclude
dry spells that last for too short a period to have any impacts but
should be less than 12 pentads (i.e., 2 months) to distinguish it
from a long-term seasonal drought. A flash drought will develop
into a long-term seasonal drought when the duration is longer
than 12 pentads.
We used FLUXNET data to identify 393 flash droughts with

durations of no less than three pentads by using daily soil-
moisture observations from 473 site-years. The results indicated
that the frequency of flash droughts has increased significantly
(p < 0.01 based on Mann-Kendall test) in the last two decades,
with most occurring in spring (27.2%) and summer (27.7%) and
with relatively small probabilities of developing in winter
(Fig. 1b, c). The flash droughts that developed in summer and
autumn had high probabilities (16.2% and 27.6%, respectively) of
evolving into long-term seasonal droughts relative to those that
developed in spring and winter, potentially posing a far greater
threat because of their rapid onsets and long durations. In
particular, a large proportion of flash droughts developed within
one (35.1%) and two (34.6%) pentads, suggesting that flash
droughts have developed faster in the last two decades.
We also used two observation-based data sets of root-zone soil

moisture to measure the global spatial and temporal changes in
the characteristics of flash droughts during 1981–2020 (Fig. 2).
Although soil moisture data remains uncertain in some regions
(Supplementary Fig. 1), each dataset supports the fact that the
frequency of, and areas affected by, flash droughts have increased
greatly, especially during the last two decades, consistent with the
FLUXNET results. The global mean percentage of flash droughts
that developed within one pentad increased from 10% in the
1980s to more than 20% recently, and the number of flash
droughts that developed within three and four pentads decreased
substantially in recent decades for all two data sets (Fig. 2d and
Supplementary Fig. 2). These findings further support the
accelerating onset of flash droughts. Global accumulated occur-
rences of flash droughts that developed into long-term seasonal
droughts have also increased two-fold in recent years compared
to before the 2000s, with a surge after 2018 (Fig. 2e), causing a
superimposed risk of flash droughts.
The areas prone to flash droughts were similar for 1981–2000

and 2001–2020 and were mainly in the Amazon Basin, south-
eastern North America, northern and central-eastern Europe,
middle Africa, and southern and southeastern Asia (Fig. 2a, b). By
comparison, the frequency of flash droughts in humid and
vegetated regions, especially the Amazon Basin and middle Africa
(e.g., Congo Basin), has increased greatly in the last two decades
relative to 1981–2000 (Fig. 2c). These increases occurred mainly in
late spring and early summer in the Northern Hemisphere but in
late autumn and winter in the Southern Hemisphere (Fig. 2f, g).
We detrended soil moisture using a linear method and reanalyzed
our data to determine whether the increased frequency of flash
droughts was caused by the long-term trend in soil moisture. The
results were highly consistent with those from the non-detrended
analysis during 2001–2020 (Supplementary Fig. 3), suggesting that
the long-term trend in soil moisture contributed little to the faster,
intensified development of flash droughts in recent two decades.
Contrary to the non-detrended analysis, there is a clear decreasing
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trend in the occurrence of flash droughts that developed within
one pentad before 2000 (Supplementary Fig. 3d). This likely
indicates that the drying or wetting trend of soil moisture has a
remarkable impact on the speed by which flash droughts develop
during the period from 1981 to 2000.

Increasing exposure to flash droughts
We quantified the additional impacts of these more frequent,
faster developing, and longer flash droughts on agricultural and
forested areas and on populations by calculating the changes in
their exposure to flash droughts in the last two decades compared
with 1981–2000 (Fig. 3). The results indicated that the exposure of
agricultural areas (i.e., the combination of pastureland and
cropland) to flash droughts increased by 20.3% during
2001–2020 relative to 1981–2000 (Fig. 3a). Specifically, global
averages of 5291 km2 of cropland and 9345 km2 of pastureland
per year were exposed to flash droughts in the last two decades,
compared with 4793 and 7374 km2 per year, respectively, during
1981–2000. Forests faced more challenges than cropland from
flash droughts under climate change: their exposure to flash
droughts increased by 17.1% during 2001–2020 (11,292 km2 per

year) relative to 1981–2000 (9649 km2 per year). The increased
exposure of agricultural and forested areas was mainly dominated
by increases in the duration and frequency of flash droughts and
the regions they affected because we did not account for changes
in the agricultural and forested areas in the two periods when
calculating exposure. The intensification of flash droughts also
contributed to a large increase in population exposure in the last
two decades. Specifically, the global mean population exposure
increased by 30.0% during 2001–2020 relative to 1981–2000,
increasing from 2.03 million to approximately 2.63 million people
per year. The population also increased widely in the last two
decades compared to 1981–2000, especially in central Africa,
southeastern North America, and southern and southeastern Asia
(Supplementary Fig. 4), which partially contributed to the recent
dramatic increase in population exposure.
Forest exposure consistently increased at a regional scale

between the two study periods in 18 Intergovernmental Panel on
Climate Change (IPCC) regions (Fig. 3b and Supplementary Fig. 5),
with a focus on the 26 largest geographical regions designated in
recent IPCC reports (Supplementary Fig. 6)34. The foci of increases
in forest exposure to flash droughts were mainly in the Amazon
Basin (from 34,349 to 41,788 km2 per year), western Africa (from
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Fig. 1 Definition and characteristics of flash droughts. a Illustration of the definition of a flash drought. The five-day mean soil moisture
decreases from above the 40th percentile to below the 20th percentile within 4 pentads (i.e., mean decline rate �5 percentile for each
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changes in the normalized frequency of flash droughts during 1996–2014, and p < 0.01 indicates the statistically significant based on Mann-
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12,976 to 26,176 km2 per year), eastern Africa (from 8089 to
14,350 km2 per year), and central Europe (from 9174 to 13,038 km2

per year). The relatively large increase in agricultural exposure to
flash droughts occurred mainly in central Asia (from 25,522 to
34,833 km2 per year), southeastern and south America (from
18,764 to 30,834 km2 per year), the eastern Africa (from 23,489 to
31,656 km2 per year), and central Europe (from 15,238 to
24,262 km2 per year). South Europe/Mediterranean, central and
northern America, and southern Africa also had high levels of
agricultural exposure to flash droughts, but the exposed areas
changed little or even decreased slightly in the last two decades.
The exposure of populations to flash droughts increased
considerably in the most densely populated areas, such as eastern
Asia (from 7.9 to 12.2 million per year) and southeastern Asia (from
6.0 to 6.8 million per year). Even though the populations in
southeastern South America and northeastern Brazil have
decreased greatly in the last two decades relative to 1981–2000
(Supplementary Fig. 4), the population exposure to flash droughts
still increased substantially or remain at a high level, highlighting
the dominant roles of more intense, frequent, and widespread
flash droughts in increasing the exposure of the populations in

these regions. In particular, as the world is in rapidly urbanizing,
urban populations face a great threat of flash droughts, with the
global average exposure of urban population to flash droughts
have increased from 0.05 million per year in the period 1981–2000
to approximately 0.12 million per year during 2001–2020
(Supplementary Fig. 7). The largest increase in urban population
exposure to flash droughts occurred in eastern Asia (0.26 to 0.80
million per year), followed by central Europe (0.17 to 0.46 million
per year), eastern and northern America (0.33 to 0.42 million per
year), southern Aisa (0.14 to 0.29 million per year), southeastern
Asia (0.11 to 0.27 million per year), and Mediterranean (0.08 to
0.27 million per year). These great increases in exposure of urban
populations to flash droughts highlights the urgency for targeted
adaptations and early warning systems to ensure the urban water
security and to improve the sustainability and livability of the
world’s cities.
We considered the impacts of flash droughts on agriculture,

forests, and populations to generate an integrated map of
exposure. The results indicated that southern Asia had the highest
integrated exposure to flash droughts, mainly due to the dense
population and the extensive agricultural land in this region,
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followed by some tropical and temperate regions, especially
humid areas such as southeastern Asia, eastern Asia, northeastern
Brazil, and the Amazon Basin, where exposure was lowest at high
latitudes and in some extremely dry regions, such as the Sahara
Desert. The low risk of formation of flash droughts at high
latitudes may be due to the generally high amount of soil
moisture, but in contrast, the low risk in the Sahara Desert may be
because the climate is too dry to induce variations in soil moisture.

Physical drivers of flash droughts
Two key drivers were responsible for rapidly developing flash
droughts: an abnormal increase in temperature and a critical lack

of precipitation. When the temperature abnormally increases over
an extended period of time, soil moisture can be dramatically
depleted by evapotranspiration, which is strongly associated with
a high VPD and solar insolation initiated by heat waves. This type
of flash drought is referred to as a heat-wave flash drought.
Alternatively, a persistent precipitation deficit can lead to a
decrease in actual evapotranspiration and thus an increase in
sensible flux under normal temperature conditions, which are
responsible for (rather than caused by) the onset of heat waves
and subsequently soil-moisture deficits. We refer to this type of
fast-developing drought as a precipitation-deficit flash drought.
Positive temperature anomalies and precipitation deficits can each
promote a flash drought, and their combination can further
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accelerate the development of a flash drought. The relative
contribution of each driver to the rapid intensification and
increased frequency of flash droughts during the last two decades,
however, is relatively poorly known.
We found, based on the reanalysis of global climatic data, that

precipitation deficits (i.e., precipitation-deficit flash drought)
accounted for 33.19% of the flash droughts globally during
1981–2000 and that flash droughts driven by abnormally high
temperatures (i.e., heat-wave flash droughts) as well as concurrent
precipitation deficits and positive temperature anomalies (i.e.,
compound hot and dry flash droughts) accounted for only 9.89%
and 24.5%, respectively, of the flash droughts (Supplementary
Fig. 8). The global mean percentage of compound hot and dry
flash droughts increased to 34.13% and heat-wave flash droughts
increased to 15.3% in the last two decades, whereas the
percentage of precipitation-deficit flash droughts decreased to
26.0%. These findings indicate that climate change in the last few
decades has driven a shift from a period dominated by
precipitation-deficit flash droughts to a period characterized by
more heat-wave and concurrent hot and dry flash droughts.
The dominant drivers of flash droughts, however, varied

regionally around the globe (Fig. 4). Flash droughts in Amazon
Basin, northeastern Brazil, western Africa, and northwestern
America were primarily driven by concurrent precipitation deficits
and positive temperature anomalies during both the periods
1981–2000 and 2001–2020. The percentages of these compound
hot and dry flash droughts increased from 37.0%, 42.2%, 29.1%,

and 29.3% during 1981–2000 to 48.9%, 55.1%, 46.1%, and 32.7%
during 2001–2020 in Amazon Basin, northeastern Brazil, western
Africa, and northwestern America, respectively (Fig. 4). Sahara
Desert, southern Australia, southeastern and west-coast South
America, northeastern America, and northern Europe were the
only six regions where the primary driver of flash droughts were
precipitation deficits during both the periods 1981–2000 and
2001–2020. In all other regions, the primary driver of flash
droughts has shifted from precipitation deficits during 1981–2000
to concurrent precipitation deficits and positive temperature
anomalies in the last two decades. These results collectively
indicated that the increase in concurrent extremely low precipita-
tion and high temperatures under global warming was the main
driver of the recent higher frequency and faster developing flash
droughts.

CMIP6 models underestimated the occurrence of flash
droughts
On the basis of the aforementioned findings, we evaluated the
performance of 22 Earth system models in CMIP6 in reproducing
the characteristics and main drivers of flash droughts by using
their outputs for daily soil moisture, precipitation, and tempera-
ture (Fig. 5). The results indicated that the CMIP6 models could
simulate well the geographical distribution of areas prone to flash
droughts during the two study periods, with foci mainly in the
Amazon Basin, southeastern North America, northern Europe,
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Fig. 4 Physical drivers of flash droughts during the two study periods 1981–2000 and 2001–2020. Percentage of flash droughts driven by
precipitation deficits (P; i.e., precipitation-deficit flash droughts), positive temperature anomalies (T; i.e., heat-wave flash droughts), and
concurrent precipitation deficits and positive temperature anomalies (P&T) during 1981–2000 and 2001–2020 calculated using two
observation-based data sets over 26 subregions designated by recent IPCC reports. The mean precipitation and temperature anomalies over
the time frame of the development (i.e., onset time) of flash droughts were extracted for each flash drought. P were defined as the
precipitation anomaly <–0.5 and the temperature anomaly <0.5; T were defined as the precipitation anomaly >–0.5 and the temperature
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central Africa, and southeastern Asia. The frequency of flash
droughts also reflected a widespread increase in the last two
decades relative to 1981–2000 (Supplementary Fig. 9). The CMIP6
models, however, were unable to simulate the increasing trends of
flash droughts that developed within one and two pentads and
those that developed into long-term seasonal droughts (Supple-
mentary Fig. 10). In particular, compared with the observation-
based (i.e., Global Land Evaporation Amsterdam Model [GLEAM]
and ECMWF Reanalysis v5 [ERA5]) results, the CMIP6 simulations
greatly underestimated the frequency of flash droughts over
approximately 85.1 and 89.6% of the global land surface during
1981–2000 and 2001–2020, respectively, especially in temperate
regions (Fig. 5).
In terms of physical drivers, the CMIP6-simulated results also

indicated that most flash droughts were primarily driven by
concurrent precipitation deficits and positive temperature anoma-
lies during the last two decades and that the accumulated
occurrences of compound hot and dry flash droughts were
comparable to or even slightly larger than the observation-based
occurrences in some subregions (Fig. 5e, Supplementary Fig. 11).
This may be related to the fact that CMIP6 models have
extensively overestimated the dependence between extremely
low precipitation and high temperatures at short timescales (e.g.,
5 days), especially for some dry regions, such as Sahara Desert and
northern Australia (Supplementary Fig. 12). But for most
temperate and high latitudes of northern Hemisphere, the
accumulated occurrences of compound hot and dry flash
droughts and the dependence between extremely low precipita-
tion and high temperatures simulated by the CMIP6 models were
greatly lower than observation-based results. Similarly, the
accumulated occurrences of precipitation-deficit flash droughts,
especially the heat-wave flash droughts simulated by the CMIP6
models were much lower than the observation-based occurrences
in all subregions (Fig. 5c, d; Supplementary Fig. 11). This suggests
that CMIP6 models may have also underestimated the individual

effects of precipitation deficits and heat waves in promoting flash
droughts because they underestimate the sensitivity of soil
moisture to temperature and precipitation at short timescales
(e.g., 5 days; Supplementary Fig. 13).

DISCUSSION
This study provides a comprehensive understanding of the
characteristics, mechanisms, and impacts of changes to flash
droughts in the last four decades. Our results indicate that flash
droughts increased considerably after 2000, mainly because of the
widespread increase in the co-occurrence of extremely hot and
dry conditions in a warming climate (Fig. 4). The warmer
temperature can naturally increase these compound extremes
by greatly increasing the atmospheric water demand, which can
induce dry conditions even if precipitation does not change or
even increases slightly35,36. These findings are consistent with
those of Yuan et al.16, who reported that anthropogenic warming
induced by increased concentrations of greenhouse gases has
increased the variability of precipitation and temperature by
increasing evapotranspiration, accounting for 77 ± 26% of the
upward trend in flash droughts. In addition to the warming trend,
our results indicated that a strengthening of the dependence
between temperature and precipitation further exacerbated the
increase in concurrent hot and dry conditions at a short timescale
(e.g., 5 days) in many regions (Supplementary Fig. 12), suggesting
that even if systems were to adapt to the mean climate change,
they would be subjected to concurrent hot and dry conditions and
thus experience flash droughts more frequently. In particular,
anthropogenic warming will likely continue for a long time, and
the co-occurrence of extremely hot and dry conditions is
projected to increase37,38, both of which will lead to more
prevalent flash droughts in the future.
In addition to the increasing trend, flash droughts are

characterized by an accelerated onset and longer duration
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Fig. 5 Characteristics and drivers of flash droughts calculated according to 22 CMIP6 models. Spatial patterns of the difference in the
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(Fig. 2). These may be mostly attributed to the self-intensification
and self-propagation of drought under the strengthened
land–atmosphere feedbacks and large-scale atmospheric
dynamics15,39,40. Specifically, the depletion of soil moisture
induced by negative precipitation anomalies could lead to a
decrease in evapotranspiration, leading to higher temperatures
and VPDs resulting from increased sensible heat flux and reduced
near-surface humidity. A higher VPD, however, can in turn
increase the atmospheric evaporative demand and further
accelerate the depletion of soil moisture. These land–atmospheric
feedbacks are strengthened under global warming and can
induce the co-occurrence of anomalies in multiple factors (e.g.,
VPD, temperature, and precipitation)38, which may thus trigger
and accelerate the onset of flash droughts. Most important, from a
Lagrangian perspective, is that land–atmospheric feedbacks may
also prolong the life expectancy of flash droughts by aiding them
in extending to other locations, or even triggering new events in
remote teleconnected regions38,39,41. For example, if a flash
drought occurs in a region where moisture is highly recycled
(i.e., where local precipitation is mostly due to local evaporation),
the reduced precipitation during a flash drought can persistently
dry the soil and subsequently reduce evaporation, which in turn
further reduces the likelihood of rain and thus induces the self-
intensification of a local drought. Alternatively, if a flash drought
occurs in an upwind region (source), where terrestrial evaporation
contributes a substantial amount of moisture for precipitation to
downwind (sink) regions, the heat and deficit of atmospheric
moisture during the drought can thus propagate from the upwind
region to the downwind regions42, leading to the expansion of
flash droughts into neighboring areas or even concurrently into a
series of events, thus inducing the self-propagation of flash
droughts, especially for drylands39. This strengthened self-
intensification and self-propagation of droughts in a warming
climate may mostly account for why flash droughts tend to be
longer or even transform into long-term seasonal droughts.
However, the concept of teleconnected land–atmosphere feed-
backs is still new; thus, clarifying the processes of water vapor and
heat transport across land surfaces during droughts may
contribute to our understanding of the development of flash
droughts and the link between flash droughts and conventional
long-term seasonal droughts.
Forests exposed to a comparable increase in flash droughts to

that of agriculture (Fig. 3), which may have a large impact on
ecosystem services, because protecting forests may be the most
effective natural solution that can substantially contribute to the
mitigation of climate change43. Vegetation productivity has
increased substantially in the last three decades because of the
increase in atmospheric levels of carbon dioxide (CO2) and the
subsequent stimulation of photosynthetic activity44,45, providing a
net carbon sink for approximately 30% of the CO2 emitted by
industry and the burning of fossil fuels46, with the majority
estimated to occur in forests47. The continuous increase in flash
droughts, during which the co-occurrence of extremely high VPDs
and temperatures and low levels of soil moisture, however, can
jointly inhibit plant growth or even lead to plant mortality, which
may further accelerate global warming by releasing more carbon
to the atmosphere or may even transform terrestrial ecosystems
from carbon sinks to carbon sources, especially for the Amazon
and Congo Basins (Fig. 2). Changes in the status of vegetation
growth can in turn also affect the development of flash droughts.
The warming temperature has widely advanced the spring
emergence of leaves48–50, which, combined with the stimulation
of vegetation growth by favorable climatic conditions (e.g.,
temperature, solar radiation, and increasing CO2 concentrations)
in the early stages of growth, may induce additional deficits of soil
moisture in late spring by increasing evapotranspiration51–53.
These deficits of soil moisture may persist or even extend into the
following summer by further increasing the temperature and thus

induce the development of flash droughts. These possibilities may
partially account for why most flash droughts tended to occur in
vegetated areas and were concentrated in late spring and early
summer (Fig. 2). In particular, flash droughts that develop under
these conditions generally indicate that the stimulation of
vegetation growth in the early growing season exceeded the
carrying capacities of the ecosystems (i.e., structural overshoot)
such that the ecosystems became more susceptible to such
structural overshoot flash droughts54. The contribution of
increased water consumption by vegetation to the development
and evolution of flash droughts, however, remains unappreciated;
a precise quantification of the atmosphere–biosphere interaction
is thus needed to better predict the impacts of flash droughts in a
changing climate.
The CMIP6 models provide a unique opportunity to forecast

disasters and early warnings and thus have been widely used to
project and identify changes in the characteristics of flash
droughts55,56. When analyzed using CMIP6 models, our results
were generally consistent with Yuan et al.29, who suggested that
amplified anomalies of evapotranspiration and precipitation
deficit driven by anthropogenic climate change has sped up
drought onset and are expected to accelerate the global transition
to more frequent flash droughts on a global scale under the
higher-emission scenario. However, our findings also indicate that
the CMIP6 models greatly underestimated the frequency of flash
droughts in most study regions, especially flash droughts driven
by heat waves (Fig. 5), suggesting that extremely high tempera-
tures alone could not lead to a decrease in soil moisture in the
CMIP6 models. This may be because the CMIP6 models do not
effectively simulate available root-zone soil moisture for evapo-
transpiration but instead rely excessively on the storage of water
in shallow soil and water intercepted by canopies, which strongly
depend on precipitation, to supply evapotranspiration57,58. Lower
precipitation can thus lead to a negative evapotranspiration bias
in the CMIP6 models and a corresponding positive temperature
bias by increasing the sensible flux from land–atmospheric
feedbacks, causing a net overestimation of the dependence
between low precipitation and high temperature at short time-
scales, especially for dry regions (e.g., 5 days; Supplementary Fig.
12). In particular, the low sensitivity of soil moisture to extremely
high temperatures in the CMIP6 models may lead to a larger
underestimation of the occurrences and onset times of flash
droughts in the future (Supplementary Fig. 13), when heat waves
will become more common and the higher atmospheric water
demand induced by warming is expected to play a more
important role in the formation of flash droughts59,60. We thus
emphasize that future occurrences of flash droughts are likely to
be more severe than those projected based on soil moisture in
CMIP6 models and that hydrological-cycle bias associated with
warming (e.g., errors in transpiration–evaporation partitioning)
should be revised in the CMIP6 models to potentially serve as a
reliable early-warning tool for flash droughts.
In summary, our study provides a comprehensive analysis of the

characteristics, driving mechanisms, and associated impacts of
flash droughts at site and global scales based on FLUXNET, global
reanalysis, and CMIP6 data sets. Results indicated that flash
droughts not only increased significantly in frequency in the last
two decades, but also tended to be more “flash” and to last longer,
which was mostly attributed to the increased concurrent hot and
dry extremes at a short timescale (5 days) in a warming climate.
These changes have increased the exposures of agricultural areas,
forested areas, and populations to flash droughts by 20.3%, 17.1%,
and 30.0%, respectively, during 2001–2020 compared to
1981–2000, with the regions of highly integrated exposure mainly
in vegetated and densely populated areas. The CMIP6 models
slightly overestimated the occurrence of flash droughts driven by
concurrent hot and dry conditions in some dry regions but nearly
globally underestimated the frequency of flash droughts driven by
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either precipitation deficits or heat waves. These over- and
underestimations may have been due to the misrepresentation by
the CMIP6 models of the dependence between extremely low
precipitation and high temperatures at short timescales and to the
underestimation of their individual effects in promoting flash
droughts. Our results highlight that the hydrological-cycle bias
associated with warming at short timescales (e.g., 5 days) may
need to be revised in the CMIP6 models to provide more reliable
projections of flash droughts.

METHODS
FLUXNET data
We primarily used data for daily soil moisture, temperature, and
precipitation from the FLUXNET2015 dataset to examine the
characteristics of flash droughts at the site scale. Soil moisture was
measured as volumetric water concentration (percentage) in
surface soil (varying across sites but mainly at depths of
5–10 cm) because moisture in deep soil were measured at only a
limited number of sites. We ultimately selected 36 sites (473 site-
years) with data covering no fewer than 10 years ranging from
1996 to 2014. These FLUXNET observations included data from
three grassland sites, six cropland sites, seven sites in deciduous
broadleaf forests, and 11 sites in evergreen needleleaf forests.
Detailed information for the sites is listed in Supplementary Table 1.
All data for daily soil moisture, temperature, and precipitation were
aggregated on a pentad (5-day) timescale to extract the flash
droughts and were then analyzed to identify changes and key
drivers. The total number of flash droughts for each year was first
normalized by using the number of stations with data coverage in
that year (i.e., the number of flash droughts divided by the number
of sites with data coverage in that year) to indicate the general
temporal trend of flash droughts over all stations because of the
different time ranges of data from different sites.

Data for soil moisture
We used two global data sets of root-zone soil moisture from the
GLEAM and ECMWF Reanalysis v5 (ERA5; upper 100 cm of soil) to
identify spatial and temporal changes in the characteristics of flash
droughts during 1981–2020 at a global scale. The GLEAM Soil
Moisture V3.5a data are available on a 0.25° × 0.25° latitude/
longitude grid with daily temporal resolution for 1980–2020.
These data have been extensively validated as being highly
consistent with soil moisture measured from eddy-covariance
towers and soil-moisture sensors across a broad range of
ecosystems61. The ERA5 soil moisture data is available at a high
spatial resolution of 0.25° × 0.25° and four layers (i.e., 0–7 cm,
7–28 cm, 28–100 cm, and 100–289 cm) for the period 1950 to near
real-time62. Recent studies have suggested that the reasonable
skill of ERA5 soil moisture simulation compared to observations
across different locations63. The top-1m ERA5 soil moisture data
were used in our study to extract flash drought events. All these
soil moisture data were aggregated to daily and 1° × 1° latitude/
longitude grids.

CMIP6 data
The data for daily precipitation, temperature, and soil moisture
from CMIP6 simulations produced by 22 Earth system models
covering historical (1981–2014) and future (2015–2020 under a
high-emissions scenario, SSP5-8.5) periods were used to assess the
performance of CMIP6 models in reproducing the characteristics
of flash droughts relative to the observation-based results (i.e.,
results generated by using the GLEAM and ERA5 datasets). It
should be noted that the daily precipitation, temperature, and soil
moisture data are available from a total of 22 CMIP6 models
published by 11 institutes under historical and SSP5-8.5 scenarios

with the variant label of “r1i1p1f1” and “r1i1p1f2”, so far. All these
models are included in our analysis and the details are presented
in Supplementary Table 2. The CMIP6 model data were bilinearly
interpolated to a spatial resolution of 1° × 1° to match the GLEAM
and ERA5 data.

Other data sets
Daily precipitation and temperature data from ERA5 were also
used to analyze the contributions of precipitation deficits and
positive temperature anomalies to the occurrence of flash
droughts. In addition, we obtained population data from 2000
and 2020 at spatial resolutions of 1 km from Gao64 and obtained
the fractions of cropland and pastureland for 2000 at spatial
resolutions of 10 km) from the NASA Socioeconomic Data and
Applications Center65 to calculate the changes in agricultural
(including cropland and pastureland) and population exposures.
To specifically asses the urban population exposure, we also
obtained the urban extents data from 2000 and 2020 at spatial
resolutions of 0.0083° × 0.0083° grids from Zhao et al.66. To assess
the forest exposure, we inferred global tree-cover data for 2009 at
a spatial resolution of 1 arc-s from the global forest change version
1.6 dataset, where tree cover was defined as the areal coverage of
canopies higher than 5m67. Population size varied spatially and
depended on regional interactions68. The traditional methods of
interpolation were thus not suitable for scaling up the population
data to match the 1° × 1° grid scale. We therefore aggregated the
population data across the grid cells (at a spatial resolution of
1 km) within the 1° × 1° grid cells to calculate population exposure.
The same operation was performed for urban extents, cropland,
and pastureland and for the tree-cover data.

Analysis of the characteristics of flash droughts
After identifying all flash droughts according to our definition
(Fig. 1a), we defined the frequency of flash droughts as the number
of occurrences during a specific period. To investigate the temporal
changes of flash droughts regionally or globally, we calculated the
yearly accumulated flash-drought occurrences (AFDs):

AFDs ¼
XNj

j¼1

XNi
i¼1

FDs´A i; jð Þ; (1)

where FDs is the frequency of flash droughts and Aði; jÞ is the area
weight for the pixel at longitude i and latitude j for a specific
region. The increase in AFDs indicates an increase in the frequency
of flash droughts or in the area affected by flash droughts, or both.
The AFDs were also calculated by using timescales of the starting
month, duration, and onset development to comprehensively
analyze the changes in other characteristics of flash droughts.
Precipitation and temperature are the two main drivers of flash

droughts9,10. We analyzed the contributions of precipitation
deficits, positive temperature anomalies, and their combined
effects to the development of flash droughts by first aggregating
the data for daily precipitation and temperature (tem) to a pentad
(5-day) timescale and then calculating their standardized anoma-
lies:

SAtem ¼ temx;y � temx;y

σðtemx;yÞ ; (2)

where SAtem is the standardized anomaly sequences of tempera-
ture, temx;y is the temperature at grid x for pentad y of the year
during the reference period (1981–2020), temx;y is the mean of
temx;y , and σðtemx;yÞ is the standard deviation of temx;y . The
standardized anomalies of 5-day aggregated precipitation were
calculated in the same way.
The mean precipitation and temperature anomalies over the

onset time (t0–t1 in Fig. 1a) of flash droughts were extracted for
each flash drought. If the precipitation anomaly was less than
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–0.5 and the temperature anomaly was less than 0.5, the flash
drought was primarily driven by a precipitation deficit (i.e., a
precipitation-deficit flash drought). If the precipitation anomaly
was greater than –0.5 and the temperature anomaly was greater
than 0.5, the flash drought was mainly driven by abnormally
high temperatures (i.e., a heat-wave flash drought). If the
precipitation anomaly was less than –0.5 and the temperature
anomaly was greater than 0.5, the flash drought was driven by a
concurrent precipitation deficit and positive temperature
anomaly (i.e., a concurrent hot and dry flash drought). The
threshold of 0.5 (precipitation or temperature anomalies
accounted for nearly 70% of the flash droughts) was set based
on the trade-off between stringency and interpretability. If the
threshold was set to 1, the precipitation or temperature could
account for only approximately 30% of the flash droughts, which
was too strict for a universal attribution.

Calculation of agriculture, forest, and population exposures
Given the importance of pastureland for grazing animals, cropland
for producing food, and forests for storing carbon, we quantified
the risk of exposure of these land types to flash droughts
regionally or globally:

Cropland; pastureland; and forest exposures :
1
Y

XY
y¼1

XNj

j¼1

XNi
i¼1

Ps ´ a i; jð Þ; (3)

where Y is number of years for a specific period, y is the year with
flash droughts, Ps is the number of pentads under flash droughts
for year y, and aði; jÞ is the total area of cropland, pastureland, or
forest affected by drought for the pixel at longitude i and latitude
j. Cropland and pastureland data were based on data from 2000,
and tree cover was based on data from 2009 and was fixed for
both study periods, 1981–2000 and 2001–2020. We also similarly
calculated the population exposures to indicate the impacts of
flash droughts on human society:

Population exposures :
1
Y

XY
y¼1

XNj

j¼1

XNi
i¼1

Ps ´ Peosði; jÞ; (4)

In the same way, the urban population exposure to flash
droughts can be calculated as:

Urban population exposures :
1
Y

XY
y¼1

XNj

j¼1

XNi
i¼1

Ps ´ Peosði; jÞ ´ Percði; jÞ; (5)

where Peos is the number of people and Perc is the percentage of
urban extents for the pixel affected by drought at longitude i and
latitude j. The population and urban extents data for 1981–2000
were based on data from 2000, and the population and urban
extents data for 2001–2020 were based on data from 2020.
The agricultural (including cropland and pastureland), forest,

and population exposures were first regionally normalized to
produce an integrated exposure map of 26 wide geographical
regions designated in a recent IPCC report34. Using population
exposure as an example:

Regionally normalized population exposures :
Ei � Emax

Emax � Emin
; (6)

where Ei is the population exposure for region i, and Emax and Emin
are the maximum and minimum population exposures over 26
regions, respectively. The means of regionally normalized
agricultural, forest, and population exposures for a region indicate
the level of composite exposure.

Investigation of the dependence between low precipitation
and high temperature
The dependence between 5-day mean precipitation and tem-
perature in our study was formulated by using (1) Pearson’s

correlations and (2) bivariate copulas69, which have been
extensively used as an effective statistical method to describe
the dependence between random variables and to derive the joint
probability of a compound extreme38,70. Assuming two random
variables, A (e.g., precipitation) and B (e.g., temperature), with
marginal cumulative distribution functions FA að Þ= Pr(A ≤ a) and
FB bð Þ= Pr(B ≤ b), respectively, their joint probability distribution
can be obtained by the copula (C):

F a; bð Þ ¼ Pr A � a; B � bð Þ ¼ C FA að Þ; FB bð Þ½ �; (7)

where F a; bð Þ is the joint distribution function of A and B. The two
marginal distribution functions FA að Þ= Pr(A ≤ a) and FB bð Þ=
Pr(B ≤ b) were converted into two uniformly distributed random
variables W and Z that ranged from 0 to 1, so the joint probability
distribution of A and B can be described as

F a; bð Þ ¼ C W; Zð Þ; 0 � W; Z � 1; (8)

The probability of an extreme compound event, in which the
variables were below or above a given threshold, is thus expressed
as

p ¼ Pr W >w \ Z � zð Þ ¼ z � C w; zð Þ; (9)

The concurrent hot (i.e., high temperature) and dry (i.e., low
precipitation) conditions in our study were defined as 5-day mean
precipitation below its 10th percentile and 5-day mean tempera-
ture above its 90th percentile, and the probability of such a co-
occurrence extreme can thus be calculated as

p ¼ Pr W > 0:9 \ Z � 0:1ð Þ ¼ 0:1� C 0:9; 0:1ð Þ; (10)

We obtained the uniform distributions of 5-day mean
precipitation and temperature by first converting their marginal
distributions to a normalized rank that ranged from 0 to 1, which
is a general operation when using copulas37. We then fitted all
possible families of bivariate copulas (a total of 39, listed in
Supplementary Table 3) and chose the copula with the best fit in
each pixel by using the Bayesian Information Criterion imple-
mented in the VineCopula R package71. We used the best fitting
copula to calculate the probability of occurrence of compound
low-precipitation and high-temperature extremes by using Eq. 9
and the “BiCopCDF” function in VineCopula. In addition, we also
calculated the probability of occurrence of compound low-
precipitation and high-temperature extremes by each of four
widely used copula functions (i.e., Gaussian, Clayton, Gumble, and
Frank copulas) globally, and the results were highly consistent
(Supplementary Fig. 14). This indicated that the assignation of
different copulas in different pixels has little effects on our main
results.
If the 5-day mean precipitation and temperature were

independent, the probability of a concurrent hot (i.e., temperature
above its 90th percentile) and dry (precipitation below its 10th
percentile) extreme would be 0.1 × 0.1= 0.01. We therefore
defined the likelihood multiplication factor (LMF) as the ratio of
the joint probability calculated by the copula to that assuming
they were independent (i.e., 0.01) to measure the strength of
dependence of bivariate extremes, and an LMF of 1 thus
represents no increase in the cooccurrence probability.

Investigation of the sensitivity of soil moisture to
precipitation and temperature
The sensitivity of 5-day mean soil moisture to precipitation and
temperature were analyzed by partial correlation, which measures
the individual effect of a parameter on the variance of the
predicted values when the effect of the other parameters has
been eliminated. The details were formulated by the following
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equation72:

Rxy;z ¼ Rxy � RxzRyzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� R2xz
� �ð1� R2yzÞ

q ; (11)

where Rxy;z is the correlation between parts x (e.g., soil moisture)
and y (e.g., precipitation) while controlling for the possible
influences of z (e.g., temperature). The larger the partial
correlation coefficient between x and y (e.g., Rxy;z), the more
sensitive x is to y.
To better characterize the CMIP model results, the correlation,

LMF, and partial correlation were fist calculated for each individual
CMIP6 model; then, the ensemble-mean correlation coefficients,
LMFs, and partial correlation coefficients were compared with
those calculated using observation-based data sets.
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