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Abstract: Flash droughts have occurred frequently worldwide, with a rapid onset that challenges 21 

drought monitoring and forecasting capabilities. However, there is no consensus on whether flash 22 

droughts have become the new normal because slow droughts may also increase. In this study, we 23 

show that drought intensification rates have sped up over subseasonal time scales, and that there 24 

has been a transition toward more flash droughts over 74% of the global regions identified by the 25 

Intergovernmental Panel on Climate Change Special Report on Extreme Events during the past 64 26 

years. The transition is associated with amplified anomalies of evapotranspiration and precipitation 27 

deficit caused by anthropogenic climate change. In the future, the transition is projected to expand 28 

to most land areas, with larger increases under higher-emission scenarios. These findings 29 

underscore the urgency for adapting to faster-onset droughts in a warmer future. 30 

 31 

One-Sentence Summary: Anthropogenic climate change has driven a global transition to flash 32 

droughts and is projected to continue into the future. 33 

  34 
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Main Text: 35 

Droughts are periods of time with a persistent water deficit (1,2), which can cause 36 

devastating impacts on regional economies and environments (3-5), as well as on human health 37 

(6). Droughts mainly originate from large-scale internal climate variability, in which ocean-38 

atmosphere teleconnections associated with phenomena such as the El Niño-Southern Oscillation, 39 

Pacific Decadal Variability, and Atlantic Multidecadal Variability play critical roles in drought 40 

formation and persistence over interannual to decadal time scales (7,8). For droughts that occur 41 

over shorter seasonal time scales, the dominant drivers can also include local or remote land-42 

atmosphere feedbacks (9,10). The multi-scale interactions among these different parts of the 43 

climate system raise challenges for drought forecasting and impact mitigation. Droughts are also 44 

influenced by anthropogenic forcings such as climate change (2,11), land use or land cover change, 45 

and human water consumption and management (12,13). As global warming accelerates the 46 

terrestrial water cycle (14,15), agricultural and hydrological droughts have increased substantially 47 

in many regions (11,16,17) and are projected to become more frequent, longer, and more severe 48 

in a warmer future (2,11,18). Such statements are based on analysis of droughts at seasonal, annual 49 

or decadal timescales. However, recent studies have shown that droughts also occur frequently at 50 

subseasonal time scales worldwide (4-5,19-24) and can develop into severe droughts within a few 51 

weeks. These rapid-onset droughts are termed “flash droughts” in contrast with conventional 52 

droughts that evolve slowly. In addition to large precipitation deficits, flash droughts are also 53 

caused by abnormally high evapotranspiration that depletes soil water quickly (25-29), which 54 

challenges current drought monitoring and forecasting capabilities (30-34) that were developed to 55 

detect slowly evolving droughts.   56 

The concept of flash droughts was proposed at the beginning of the 21st century but did 57 

not receive wide attention until the occurrence of the severe US drought in the summer of 2012 58 
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(5,28,30,34). This drought was regarded as one of the most severe US droughts since the 1930s 59 

Dust Bowl and caused more than 30 billion USD of economic losses (35). One of the distinctive 60 

features of this drought was its extremely rapid onset, with many locations going from drought-61 

free to extreme drought conditions within a month. This rapid intensification was unexpected, and 62 

no operational prediction models captured its onset (30). In this regard, some flash droughts can 63 

be considered as the onset stage of a long-term drought, the impacts of which are amplified by a 64 

subsequent persistent period of severe drought conditions (23,30,36). Moreover, even without a 65 

transition to seasonal drought, these rapidly evolving subseasonal droughts have substantial 66 

impacts on vegetation growth (37) and can trigger compound extreme events such as heat waves 67 

or wildfires. Previous studies have focused on the evolution and changing characteristics of flash 68 

droughts (5,20-29) and found that human-induced climate change has increased the frequency of 69 

flash droughts throughout southern Africa (20) and China (21). A recent study presents a 36-year 70 

climatology report of global flash droughts and shows substantial increases in flash droughts 71 

throughout several key regions (38). However, no consensus has been reached on whether there 72 

has been a transition from slow to flash droughts at the global scale, because the frequency of 73 

slower-developing droughts at subseasonal time scales may also increase. There is currently no 74 

robust evidence that drought intensification rates have increased globally, although several studies 75 

have speculated such increases by relating drought onset with global warming (16,21). 76 

In this study, we investigated changes in the speed of global drought onset and the 77 

partitioning between flash and slow droughts. We divided subseasonal droughts into flash droughts 78 

(21,28) and slow droughts by onset speed measured by the declining rate of soil moisture and 79 

present their global distributions during the local growing season over the past 64 years. We then 80 

estimated the global trend of the ratio of the number of flash droughts to total subseasonal droughts 81 

and the global trend of the onset speed of subseasonal droughts and attributed these trends to 82 
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anthropogenic climate change on the basis of the sixth Coupled Model Intercomparison Project 83 

(CMIP6) (39) climate model simulations (table S1). We also showed how these trends vary over 84 

different IPCC SREX (Intergovernmental Panel on Climate Change Special Report on EXtreme 85 

events) regions (40). 86 

 87 

Global distributions of flash and slow droughts 88 

On the basis of estimates of soil moisture from three global reanalyses from 1951 to2014, 89 

subseasonal drought events are identified as pentad-mean soil moisture declines from above the 90 

40th percentile to below the 20th percentile, and then increase to above the 20th percentile again 91 

[supplementary materials (SM), materials and methods]. The minimum duration for subseasonal 92 

droughts is 20 days to exclude dry spells that are too short to cause substantial impacts. We then 93 

divided the subseasonal droughts into flash and slow droughts depending on the rate of the 94 

reduction in soil moisture (21) during the onset stage (fig. S1). We used the ratio of flash drought 95 

events to the total number of subseasonal drought events, and the subseasonal drought onset speed 96 

(SM, materials and methods), to quantify the transition to flash droughts by determining whether 97 

there are significant trends in these two indices. Flash droughts tend to occur more often than slow 98 

droughts over humid regions with lower aridity (Fig. 1A and fig. S2), where flash-drought 99 

frequency is two to three times greater than other regions (fig. S3A). By contrast, slow drought 100 

occurrence has smaller spatial variability (fig. S3B). Flash droughts usually last for 30 to 45 days, 101 

whereas slow droughts usually last for 40 to 60 days (fig. S4). The uncertainty across the three 102 

reanalyses is low over most humid and semihumid regions, but high over arid regions (fig. S5). 103 

The regions with a higher flash drought ratio also have faster drought onset speeds (Fig. 104 

1B), which are associated with large precipitation deficits and/or increases in evapotranspiration. 105 

Compared with slow droughts, larger precipitation deficits occur during the onset stage of flash 106 
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droughts over most global land areas (fig. S6A). In addition to the precipitation deficit, the increase 107 

in evapotranspiration (fig. S6B) accelerates the drawdown of soil moisture, which results in a 108 

higher likelihood of flash drought over humid regions, such as Europe, North Asia, southern China, 109 

eastern and northwestern parts of North America, and the Amazon. Evapotranspiration over these 110 

regions is energy limited, and the enhanced radiation because of fewer clouds drives the increase 111 

in evapotranspiration and speeds up drought onset. Over regions with higher aridity (such as 112 

northern China, western India, and parts of Africa), evapotranspiration is water limited (41), and 113 

the decrease in evapotranspiration during the onset stage suggests that precipitation deficit is the 114 

main driver of flash droughts (fig. S6). 115 

 116 

Detection and attribution of changes in global droughts 117 

Given that global land evapotranspiration is increasing in a warming climate (14,42), it was 118 

hypothesized that drought onset may speed up globally (16). In this study we provide robust 119 

estimations that there are upward trends in the global mean flash drought ratio (P < 0.1) and 120 

subseasonal drought onset speed (P < 0.1) from 1951 to 2014 (Fig. 2, A and B), which means that 121 

subseasonal droughts have developed faster and shifted from slow to flash droughts at global scale. 122 

To assess whether the global trends are sensitive to the definition of flash droughts (43), we 123 

increased and decreased the soil moisture thresholds for drought starting and ending points as well 124 

as drought onset speed and found that the upward global trends remain significant (P < 0.1) (fig. 125 

S7). 126 

The upward global trends are well captured by the state-of-the-art CMIP6/ALL multi-127 

model ensemble simulations (P < 0.1) (Fig. 2, A and B), in which both the anthropogenic climate 128 

forcings (anthropogenic emission of, for example, greenhouse gases and aerosols) and natural 129 

climate forcings (solar and volcanic activities) are considered. The CMIP6/ALL ensemble 130 
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simulations also roughly capture the spatial patterns of long-term climatology of flash drought 131 

ratio and subseasonal drought onset speed (fig. S8). However, the global trends are not captured 132 

by the CMIP6/NAT ensemble simulations that only consider natural climate forcings (Fig. 2, A 133 

and B). The best estimates of scaling factors (SM, materials and methods) show that only the ANT 134 

(ALL-NAT; anthropogenic forcings) signal is detectable, with contributions of 48% (10 to 86%) 135 

and 39% (13 to 70%) to the increases in flash drought ratio and subseasonal drought onset speed, 136 

respectively (Fig. 2, C and D). With CMIP5 models included, the detection and attribution results 137 

remain similar (fig. S9). We therefore conclude that the global transition to more frequent flash 138 

droughts during the past 64 years is influenced by anthropogenic climate change. 139 

During the onset stage of subseasonal droughts, there has been a significant increase (P < 140 

0.1) in strong anomalies of global evapotranspiration and a significant decrease (P < 0.1) in strong 141 

anomalies of precipitation surplus (precipitation minus evapotranspiration) during the past 64 142 

years, in which anthropogenic contributions are detectable (fig. S10). The decrease in strong 143 

anomalies of precipitation surplus is dominated by the increase in strong anomalies of 144 

evapotranspiration because strong anomalies of precipitation show a small and insignificant 145 

decreasing trend (P > 0.1). Again, the results were similar after incorporating CMIP5 models (fig. 146 

S11). Therefore, anthropogenic climate change has significantly (P < 0.1) amplified the strong 147 

anomalies of global evapotranspiration and precipitation surplus and ultimately has sped up 148 

drought onset and enhanced the global transition to more frequent flash droughts. 149 

 150 

Regional drought changes in the past and projected future 151 

A significant global transition to flash droughts is driven by regional increases in flash 152 

drought ratio over 74% of the IPCC SREX regions, notably for the significant increases (P < 0.1) 153 

over East and North Asia, Europe, Sahara, and the west coast of South America (Fig. 3A). 154 
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Moreover, the onset speed of subseasonal droughts has increased over most regions, with 155 

significant increases (P < 0.1) over North Asia, Australia, Europe, Sahara, and the west coast of 156 

South America (Fig. 3B). These regions’ significant increases in flash drought ratio and 157 

subseasonal drought onset speed (Fig. 3, A and B) are largely because of the increases in the 158 

frequency and onset speed of flash droughts (fig. S12). The regions with increasing onset speed 159 

but decreasing flash drought ratio suggest that the transition from slow to flash droughts might not 160 

be stable (Fig. 3, A and B). For example, East Africa, Northeast Brazil, and western North America 161 

show a historical decline in the flash drought ratio (Fig. 3A), but the frequency increases for both 162 

flash and slow droughts (fig. S12, A and C). These regions may eventually switch to a more stable 163 

transition once the onset speed increases to a certain level in the future. There are also regions with 164 

decreased frequency for both flash and slow droughts (such as eastern North America, southern 165 

South America, North Australia, and Southeast Asia), but the drought onset speed has increased 166 

(fig. S12). Almost all regions—except the Amazon and West Africa—show increasing trends in 167 

flash drought ratio and/or subseasonal drought onset speed (Fig. 3, A and B). For the Amazon, 168 

there is no evidence of a transition to flash droughts because drought onset speed decreases and 169 

flash-drought frequency decreases, whereas slow-drought frequency increases (fig. S12). For West 170 

Africa, both flash and slow droughts increase, whereas flash droughts occur faster and slow 171 

droughts occur slower, which suggests a more extreme drought condition even without an obvious 172 

transition signal (fig. S12). The results are similar for those with different drought thresholds (figs. 173 

S13 to S15). 174 

Because of the regional differences in the responses to global warming, projecting drought 175 

changes at the regional scale is more challenging than that at the global scale (44-46). The CMIP6 176 

climate model ensemble simulations roughly capture the historical changes in flash drought ratio 177 

and subseasonal drought onset speed, and 67 and 81% of the IPCC SREX regions show the same 178 
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trends in ratio and speed between climate models and observations (Fig. 3, A and B, and fig. S16). 179 

Under a moderate emission scenario (SSP245) from 2015 to 2100, future projections show 180 

significant increasing trends (P < 0.1) in the flash drought ratio and subseasonal drought onset 181 

speed over almost all IPCC SREX regions (Fig. 3, C and D). Under a higher emission scenario 182 

(SSP585), the increasing trends become stronger over most regions (fig. S17). The projection 183 

results are similar for different drought thresholds (figs. S18 andS19) and different sets of climate 184 

models (fig. S20). Although flash droughts would only increase across 59% of the regions, and 185 

slow droughts would decrease over most regions, onset speeds for both flash and slow droughts 186 

would increase over most regions (figs. S21 and S22). Therefore, when droughts do occur in the 187 

future, they are more likely to be rapid-onset droughts. Although there are uncertainties in the 188 

climate model projections, the results suggest that the transition to flash droughts is more stable 189 

and rapid in a warmer future, and the higher-emission scenario would lead to a greater risk of flash 190 

droughts with quicker onset, which poses a substantial challenge for climate adaptation.  191 

 192 

Implications for climate adaptation 193 

The transition toward more frequent flash droughts presents challenges for unraveling the 194 

anthropogenic influence on compound extremes (44), broadening our understanding of drought 195 

impacts (5, 37) across time scales, and improving drought prediction capability (33) for timely 196 

early warning. The increasing drought onset speed primarily comes from intensifying rainfall 197 

deficit and increasing evapotranspiration caused by anthropogenic climate change (fig. S10), 198 

which dries the soil quickly and creates ideal conditions for heat waves. Because the cooccurrence 199 

of heat waves and droughts are increasing globally according to the latest IPCC AR6 report (44), 200 

the anthropogenic-enhanced transition to flash droughts suggests the need to understand flash 201 

drought-heat wave interactions both locally and remotely under climate change. 202 
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The transition to flash droughts may have irreversible impacts on terrestrial ecosystems (5,37). 203 

The impacts of extreme droughts on vegetation productivity are expected to increase in a warming 204 

future (47-49), but the findings are for long-term droughts with slow evolution. Because flash 205 

droughts develop more rapidly with higher temperatures (27), ecosystems may not have enough 206 

time to adapt to the sudden onset of large water deficits and heat extremes, resulting in a rapid 207 

reduction in ecosystem productivity (37). In addition, possible future increases in the durations of 208 

flash and slow droughts (fig. S23), as well as the increase in total subseasonal drought days caused 209 

by the increase in flash drought days (fig. S24), also suggest exacerbated impacts on ecosystems. 210 

Assessing such exacerbated impacts will comprehensively broaden our understanding of drought-211 

vegetation interactions at timescales from yearly down to subseasonal. 212 

The acceleration of drought onset also raises substantial challenges for drought monitoring 213 

and prediction (33). Effective monitoring of subseasonal droughts needs careful and objective 214 

selection of drought indices because various types of droughts (such as meteorological, agricultural, 215 

and hydrological droughts) also have different implications at the subseasonal time scale. The 216 

temporal resolutions of most current monitoring approaches are generally too coarse to capture the 217 

onset of flash droughts, and more frequent updates with drought indices suitable for shorter time 218 

scales are needed (33). For predictions, current approaches are aimed at predicting droughts at 219 

seasonal to decadal time scales, depending on oceanic and terrestrial sources of drought 220 

predictability (7-10). For subseasonal drought prediction, the Madden-Julian Oscillation, Southern 221 

and Northern Annular Modes, and Indian Ocean Dipole may provide relevant sources of 222 

predictability (33, 50), but these large-scale signals should be connected with local synoptic 223 

anomalies [ through Rossby wave train (50)] because most flash droughts do not have a wide 224 

spatial coverage. The Linkage of these teleconnections with local or remote land-atmospheric 225 

coupling (10) could provide a source of predictability for flash droughts.  226 
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Anthropogenic climate change is driving the transition to flash droughts, which has a wide 227 

range of implications for our understanding of climate change and its impacts, as well as how we 228 

can adapt to these changes. Improved understanding is needed for the adaptive capacity of natural 229 

ecosystems and human-managed environments that may be more susceptible to flash droughts and 230 

associated compound extreme events. Early warning of flash drought onset on timescales of a few 231 

weeks can be hugely beneficial for mitigating their impacts and managing the risk of this new 232 

normal. 233 

  234 
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the Catchment land surface model 375 

(https://disc.gsfc.nasa.gov/datasets/GLDAS_CLSM10_3H_2.0/summary?keywords=GLDAS) 376 

and the Noah land surface model 377 

(https://disc.gsfc.nasa.gov/datasets/GLDAS_NOAH10_3H_2.0/summary?keywords=GLDA378 

S). The soil moisture, precipitation and evapotranspiration datasets from ERA5 reanalysis are 379 
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publicly available at the CDS website for 1951 to 1978 380 

(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-preliminary-381 

back-extension?tab=form) and for 1979 to 2014 382 

(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form). 383 

The monthly potential evapotranspiration data produced by GLDAS2.0 are publicly available 384 

at 385 

https://disc.gsfc.nasa.gov/datasets/GLDAS_NOAH10_M_2.0/summary?keywords=GLDAS. 386 

The monthly potential evaporation produced by ERA-5 are publicly available at the CDS 387 

website for 1951 to 1978 (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-388 

single-levels-monthly-means-preliminary-back-extension?tab=form) and for 1979 to 2014 389 

(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-390 

means?tab=form). The daily soil moisture, precipitation, and evapotranspiration (converted 391 

from latent heat flux) data from CMIP5 and CMIP6 are available at the WCRP website 392 

(https://esgf-node.llnl.gov/search/cmip5 and https://esgf-node.llnl.gov/projects/cmip6/), and 393 

the daily soil moisture data from CESM1 Large Ensemble are available at UCAR website 394 

(https://www.cesm.ucar.edu/projects/community-projects/LENS/data-sets.html). 395 

 Statistical methods are noted in the text and figure captions. The computer codes for analyzing 396 

data and drawing plots are developed in Fortran or NCAR Command Language (NCL) scripts. 397 

The code for flash and slow droughts are available at 398 

https://github.com/Hydroclimate2023/global-flash-drought. 399 
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 412 

Fig. 1. Spatial distributions of the flash drought ratio and the onset speed of subseasonal 413 

droughts. (A) The ratio (%) of flash drought events to the sum of flash and slow drought events 414 

[subseasonal drought events, (SM, materials and methods)] . (B) The mean onset speed (%/pentad) 415 

for both flash and slow droughts. All statistics are based on the average results from ERA5, 416 

GLDASv2.0/Noah, and GLDASv2.0/Catchment global reanalysis data during the growing seasons 417 

of 1951 to 2014 (April to September for the Northern Hemisphere and October to March for the 418 

Southern Hemisphere). 419 
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 421 

Fig. 2. Attribution for changes in global mean flash drought ratio and onset speed of 422 

subseasonal droughts. (A) Observed and simulated anomalies of the ratio (%) of flash drought 423 

events to subseasonal drought events averaged over the globe from 1951 to 2014. The Black line 424 

indicates the results based on three global reanalysis data (OBS, mean of three reanalysis), and red 425 

and blue lines show the ensemble mean results based on CMIP6 climate model simulations with 426 

ALL and NAT forcings, respectively (table S1). The thick lines are 10-year running means, and 427 

the pink and cyan shadings display the 5 to 95% ranges of ALL and NAT ensemble simulations, 428 

respectively. (C) The best estimates of the scaling factors (left axis) and attributable increasing 429 

trends (%/year, right axis) from two-signal (ANT (ALL-NAT), and NAT) analysis of the changes 430 

in flash drought ratio for the period of 1951 to 2014. The time series used for detection and 431 

attribution are non-overlapping 2-year averages (SM, materials and methods). Error bars indicate 432 

their corresponding 5 to 95% uncertainty ranges. (B) and (D) are the same as (A) and (C), except  433 

for the anomalies of onset speed of subseasonal droughts (%/pentad), scaling factors and 434 

attributable trends (%/pentad/year) for the changes in onset speed from 1951 to 2014. Ratio and 435 

onset speed were identified at each grid cell and then averaged over the globe (excluding Antarctic, 436 

Greenland, and deserts) with consideration of the weights of grid areas. All of the statistics were 437 
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calculated during the growing seasons (April to September for the Northern Hemisphere and 438 

October to March for the Southern Hemisphere). 439 

  440 
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 441 

Fig. 3. Historical and future trends in flash drought ratio and onset speed of subseasonal 442 

droughts averaged over the IPCC SREX regions. (A) Observed trends (%/year) in regional 443 

mean ratio of flash drought events to subseasonal drought events from 1951 to 2014 based on the 444 

mean time series of three global reanalyses. (B) The same as (A), except for the trends 445 

(%/pentad/year) in regional mean subseasonal drought onset speed. (C) Projected future trends 446 

(%/year) in regional mean flash drought ratio from 2015 to 2100 based on CMIP6 climate model 447 

ensemble mean simulations under SSP245 scenario. (D) The same as (C), except for the trends 448 

(%/pentad/year) in regional mean subseasonal drought onset speed. Ratio and onset speed were 449 

identified at each grid cell for each model and were then averaged over the IPCC SREX regions 450 

with consideration of the weights of grid areas. All of the statistics were calculated during the 451 

growing seasons (April to September for the Northern Hemisphere and October to March for the 452 

Southern Hemisphere). Hatching represents a significant trend with P < 0.1 based on the 453 

nonparametric Mann-Kendall test. 454 


