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Flash droughts exacerbate global vegetation
loss and delay recovery
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The increasing incidence of flash droughts globally presents a great challenge
to the agriculture sector, ecosystem resilience and water resource systems.
Here we introduce a methodology that improves the accuracy of quantifying
drought-induced global vegetation loss (using Normalized Difference Vege-
tation Index (NDVI)-derived metric). Our results reveal that NDVI loss during
flash droughts (9.0%) is approximately 1.5 times higher than that during con-
ventional droughts (5.3%), highlighting the increasing role of flash droughts as
the key driver of drought-induced NDVI loss worldwide. Furthermore, we
identify a significant upward trend (1.8% per decade) in global NDVI loss due to
flash droughts, primarily driven by the increasing frequency of such events,
which account for 81.2% of the overall trend. Although NDVI typically recovers
within 36 pentads across more than 9256.3 x 10* km? of the global land surface
after flash droughts, there is a notable increase (0.4 pentads per year) in NDVI
recovery time from 1982 to 2020, particularly in tropical rainforests and
temperate forests. These findings highlight the alarming ecological con-
sequences of increasingly frequent and intense flash droughts, with impacts
expected to intensify in the future.

Rising global temperatures have intensified atmospheric aridity, with
vapor pressure deficit (VPD) increasing by 5% in many regions since
1980s%. This amplifies evapotranspiration (ET), depleting soil
moisture®*. Concurrently, shifting precipitation patterns have reduced
the frequency of light-to-moderate rainfall events while increasing the
intensity of extreme precipitation, leaving longer dry intervals between
rainfall events®”. Additionally, declining snowpack and reduced snow-
melt runoff further limit moisture recharge in regions dependent on
seasonal snowmelt®°. The combined drivers have accelerated the
declining trend of global soil moisture, particularly in regions such as
eastern China, Mongolia, southern Russia, the eastern European Plain,
north-central Africa, the United States, and eastern Brazil, leading to an
expansion of the soil drying area". Soil droughts pose a great threat to
global ecosystems'*®, and they can be broadly classified into one of two

types based on the speed of occurrence: flash drought and conven-
tional drought”. Flash drought manifests as a rapid decrease in soil
moisture due to the combined effects of unusually high temperatures
and extreme precipitation deficits, while conventional drought refers to
a gradual and steady decline in soil moisture over an extended
period'*?.. Recent research indicates that there was a transition toward
more flash droughts over 74% of global land area from 1951 to 2014".
This substantial increase in flash droughts poses unique challenges to
vegetation”, as abrupt and severe drought may impede plants’ ability to
promptly adjust their physiological and ecological traits, leading to
extensive damage or even complete loss of vegetation in affected
regions”. As vegetation plays a critical role in regulating carbon, energy,
and terrestrial water availability”>**, it is necessary to comprehensively
analyze the ecological impacts of global flash droughts.
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In recent years, several studies have been devoted to investigating
and analyzing the profound effects of long-term drought on
vegetation®?, It has been well established that long-term atmospheric
moisture deficit leads to a gradual depletion of soil moisture®, thereby
severely constraining plant growth and development” %, At the
organismal scale, physiological threshold studies demonstrate that
hydraulic dysfunction®*® and phloem transport collapse®® jointly
determine mortality risks. At the ecosystem scale, drought impacts on
vegetation unfold across different spatial and temporal scales,
including: (1) physiological and morphological changes such as
reduced leaf area and partial canopy mortality*’; (2) increased tree
mortality rates across forest ecosystems*>*%; and (3) large-scale die-off
events**. At the global scale, recent observational and model-based
studies indicate that soil moisture deficits have reduced global gross
primary productivity (GPP) by an average of 15% during 1982-2016*.
Looking ahead, future droughts are projected to decrease annual GPP,
with global reductions expected to increase from 2.8 Pg C per year
during 1850-1999 to between 4.5 and 4.7 Pg C per year during
2075-2099". These findings reflect a continuum of drought severity,
ranging from substantial physiological stress to ecosystem-scale col-
lapse. The duration of vegetation recovery following long-term
drought is also a topic of great importance to the health and stabi-
lity of ecosystems, and it has become a prominent research focus in
recent years*=3,

However, despite the significant advances made in understanding
the consequences of long-term drought, limited attention has been
paid to comprehensively investigating the implications of flash
drought for vegetation®*, especially at a global scale. Most studies have
focused primarily on examining the effects of individual flash drought
events on vegetation or have been limited to specific local regions,
including the 2012 and 2015 central USA flash droughts'®***¢ and the
2017 northern USA flash drought”. In particular, we still lack sys-
tematic, cross-scale analyses comparing the impacts of the two distinct
drought types on vegetation dynamics. Furthermore, the extent to
which vegetation can effectively recover following flash drought
events, the associated recovery timelines, and how these recovery
patterns differ from conventional drought responses need deeper
investigation. Conventional approaches that neglect to account for the
lagged response dynamics of vegetation and the compensatory effects
between consecutive drought events may exhibit biases in quantifying
the magnitude of drought-induced vegetation losses.

To address these knowledge gaps, we introduce an optimized
method that incorporates factors previously overlooked in past stu-
dies. By leveraging satellite data and reanalysis datasets from NOAA
and ERAS5-Land, our study aims to comprehensively assess the impact
of both flash and conventional droughts on global vegetation
dynamics using NDVI-based metrics. We specifically focus on the
dynamics of post-drought NDVI recovery during the growing seasons
(April to September in the Northern Hemisphere and October to
March in the Southern Hemisphere) over the period from 1982 to
2022. This approach will provide a deeper understanding of flash
droughts and their effects, thereby supporting the development of
targeted drought management strategies and helping to preserve
essential ecosystem services in the context of climate change.

Results and discussion

Characteristics and drivers of global flash and conventional
droughts

ERA5-land provides daily soil moisture data for three depth layers:
Layer 1 (0-7 cm), Layer 2 (7-28 cm), and Layer 3 (28-100 cm)*®®, We
integrated these layers to generate a top 1-meter composite soil
moisture dataset. Daily values (0-100 cm) were then aggregated into
pentad (5-day) means. To eliminate seasonal biases, pentad means
were converted to percentiles by comparing each value against the
1982-2022 climatological distribution for the corresponding calendar

pentad. For instance, a soil moisture percentile of 40% indicates that
the observed soil moisture was drier than 60% of historical values for
that specific pentad.

Flash and conventional droughts were identified based on their
distinct soil moisture trajectories (Fig. 1a). Briefly, flash droughts are
characterized by a rapid intensification (a decline rate of >5% per
pentad) from above the 40th to below the 20th soil moisture per-
centile. This 5% threshold has been extensively validated in previous
studies as effectively distinguishing flash droughts from conventional
drought events”~?°", In contrast, conventional droughts exhibit a
more gradual development, lacking this rapid intensification phase
(Fig. 1b). Our independent validation confirms that this framework
successfully identifies observed flash drought events (Supplementary
Text 1 and Supplementary Fig. 1).

Figure 2a, b shows that the frequency of both flash and conven-
tional droughts is highest in the mid-to-high latitudes of the Northern
Hemisphere compared to other global regions. In this area, the
occurrence of flash droughts clearly exceeds that of conventional
droughts, especially between 30°N and 60°N. At the global scale, the
average occurrence frequency is 0.37 events per year for flash
droughts and 0.25 events per year for conventional droughts, with the
former being approximately 1.5 times more frequent. Trend analysis
indicates that the frequencies of both types have significantly
increased, with rates of 0.034 events per decade (slope = 0.034 events
per decade, 95% Confidence Intervals =[0.025, 0.044], t(df =39) =7.32,
and p <0.01) for flash droughts and 0.015 events per decade (slope =
0.015 events per decade, 95% Confidence Intervals = [0.009, 0.022],
t(df = 39)=4.93, and p<0.01) for conventional droughts (Fig. 2c);
notably, the increase in flash droughts is more than double that of
conventional droughts.

Drought intensity is characterized by the minimum soil moisture
percentile during drought periods, representing the lowest position in
the historical climatological distribution (0-100%, where 0% is the
driest and 100% the wettest). Figure 2d, e shows that drought intensity
is most pronounced in tropical rainforest regions, likely due to high
water demand from dense NDVI, which amplifies drought through
elevated transpiration. This suggests that drought severity in these
regions is driven not only by climatic factors like high temperatures
and precipitation deficits but also by local NDVI effects. During flash
droughts, the global average minimum soil moisture percentile is 5.6%
(Fig. 2d, indicating soil moisture dropped to levels drier than 94.4% of
all historical values), roughly half that during conventional droughts
(11.9%, Fig. 2e), indicating that flash droughts are considerably more
intense. Trend analysis reveals decreasing minimum soil moisture
percentile over time for both flash (-0.08% per decade) and conven-
tional droughts (—0.09% per decade), implying increasing drought
severity (Fig. 2f).

Drought duration (corresponding to the gray shaded area in Fig. 1)
shows shorter durations in tropical rainforest biomes for both drought
types, reflecting seasonal precipitation patterns typical of tropical
regions. On average, flash droughts last 8.3 pentads (Fig. 2g), about 0.8
pentads shorter than conventional droughts (Fig. 2h). Trends indicate
increasing durations over time for both flash (0.034 pentads per
decade) and conventional droughts (0.102 pentads per dec-
ade) (Fig. 2i).

Using multiple linear regression, we identified the key drivers of
soil moisture depletion (Supplementary Texts 2, 3). Precipitation def-
icit emerged as the primary driver for both flash droughts (74.3% +
17.9%) and conventional droughts (73.7% + 14.6%). In contrast, evapo-
transpiration and snowmelt were secondary contributors, albeit with
substantial regional influence (Supplementary Text 2 and Supple-
mentary Figs. 2-10).

Furthermore, our improved maximum correlation approach
reveals a faster hydrological response to precipitation deficits for flash
droughts (average 3.4-pentad lag) than for conventional droughts (3.8-
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Fig. 1| Schematic representation of soil moisture trajectories and definition
criteria for flash versus conventional droughts. a Flash drought trajectory. The
event is identified using the following criteria: (1) Soil moisture percentile drops
from above the 40th percentile to below the 20th percentile. (2) The average rate of
decline during this intensification phase must be at least 5% per pentad. (3) The
onset concludes when soil moisture falls below the 20th percentile and the rapid

Date

decline ceases. (4) The event terminates when soil moisture recovers above the
20th percentile. (5) The entire event must persist for at least 4 pentads.

b Conventional drought trajectory. Conventional droughts are defined as sub-
seasonal drought events that do not meet the rapid intensification criterion of flash
droughts (i.e., the rate of decline is <5% per pentad). The gray shaded areas
represent the periods when drought conditions occur.

pentad lag). This response is particularly accelerated in arid regions (as
short as 2.4-2.8 pentads), where limited soil moisture buffering
capacity curtails the system’s ability to mitigate water scarcity (Sup-
plementary Text 2).

Spatial and temporal patterns of NDVI vulnerability to droughts
To systematically assess drought impacts on NDVI, we have incorpo-
rated several advancements to enhance the robustness and compre-
hensiveness of our approach in analyzing daily NDVI data from the
NOAA Climate Data Record (1982-2022).

During the initial stages of drought (Fig. 3a), NDVI undergoes a
phase called the drought tolerance period, during which NDVI can
withstand reduced water availability through physiological and bio-
chemical adaptations while maintaining normal growth and
development®. During this period, the observed NDVI values in Fig. 3a
fluctuate up and down in the green range, without showing a con-
tinuous decrease. In our analysis of drought impacts on NDVI, this
period was excluded. In contrast, even after the drought ends, there is
a subsequent period during which NDVI continues to decline, known
as the lag response period (Fig. 3a)®>*. It is characterized by a lack of

immediate recovery or fast growth in NDVI, despite the availability of
water resources. This delayed response is attributed to the persistent
impact of the drought on the physiological and ecological processes of
NDVI. However, traditional methods have typically quantified drought-
induced NDVI losses by directly relating observed NDVI anomalies to
the duration of drought events. While this provides a valuable baseline,
it may underestimate the full extent of NDVIimpacts by not accounting
for the reduction in NDVI that persists during the lag response period.
In our analysis, we incorporated the lagged effects of drought on NDVI
dynamics, providing a more comprehensive assessment of drought
impacts. Our comparative analysis reveals that traditional methods
neglecting NDVI lag effects underestimate drought-induced NDVI
losses by 16.0% (flash droughts, (Supplementary Fig. 11a) and 30.9%
(conventional  droughts),  affecting  9720.4x10*km?>  and
10197.4 x10*km? of global land area respectively (Supplementary
Fig. 11b,c). These systematic underestimations underscore the impor-
tance of considering persistent effects on NDVI that extend beyond the
immediate drought period.

During the recovery period between two drought events, NDVI
may not fully return to its pre-drought state, remaining in a semi-
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Fig. 2 | Global comparison of drought frequency, intensity, and duration
(1982-2022). a, b depict the multi-year average frequencies of flash droughts (FD)
and conventional droughts (CD), respectively. ¢ shows the global mean frequency
and trends for both drought types. Data are presented as mean values +/- SD
(standard deviation, n =41, biological replicates). d, e present the multi-year aver-
age minimum soil moisture percentiles during flash and conventional droughts,
respectively. The minimum soil moisture percentile reflects drought intensity.

fillustrates the global mean minimum soil moisture percentile during drought
periods, along with trends. Lower values indicate higher drought severity. Data are
presented as mean values +/- SD (n =41, biological replicates). g, h show the
average durations of flash and conventional droughts (pentads). i displays the
global mean durations and their trends. Data are presented as mean values +/— SD
(n=41, biological replicates).

recovered condition. As a result, a portion of the NDVI loss observed
during the current drought should be attributed to the legacy effects
of the previous drought, rather than the current event alone. Failure to
isolate this offset effect can result in overestimation of the direct
impacts of the current drought. Through comparative analysis, we
found that neglecting the offset effects overestimated the global NDVI
losses by up to 13.3% for flash drought and 16.1% for conventional
drought (Supplementary Fig. 11d). This overestimation was observed
across 9191.8 x 10* km? of the global land area for flash drought and
8005.8 x 10* km? for conventional drought (Supplementary Fig. 11e, f).
Therefore, in quantifying the ecological consequences of drought, we
accounted for this offset effect (See Methods).

Another methodological improvement is that we separated
NDVI declines caused by fires from those driven solely by drought
stress by overlaying the burned area data with our NDVI and drought
datasets, masking affected pixels to ensure observed NDVI decline
was drought-related (Supplementary Text 4 and Supplementary
Fig. 12). In our analysis, we primarily focused on the time frame from
the conclusion of the drought tolerance period to the end of the
NDVI lag response period in order to assess the impact of a specific
drought event on NDVI (i.e., yellow-shaded region in Fig. 3a, See
Methods).

Using the above enhanced methodology, we estimate the impacts
of flash droughts and conventional droughts on global NDVI for the
period from 1982 to 2022. We find that the reduction in global average
NDVI due to flash droughts was found to be 9.0%, whereas for con-
ventional droughts it was 5.3% (Fig. 3b). Our geospatial analyses indi-
cate the mid-to-high-latitude regions of the Northern Hemisphere

experienced the largest NDVI declines under both flash and conven-
tional droughts, exceeding the global mean by 18.2% (Supplementary
Fig. 13). Additionally, Fig. 3c shows that over 8276.5 x 10* km? of the
global land area experienced a greater decrease in NDVI due to flash
droughts compared with conventional droughts. This is further con-
firmed by comparing NDVI losses between flash and conventional
droughts under identical frequency scenarios (i.e., with equal drought
occurrence rates for both types). We find that NDVI losses during flash
droughts consistently exceeded those during conventional droughts
in every year analyzed (mean difference: +27.8% globally, Supple-
mentary Fig. 14). Consequently, these sudden and intense flash
drought events have become the key factor in global NDVI reduction.

Importantly, we found statistically significant increasing trends in
global NDVI loss caused by both flash drought (slope = 0.0033 per
decade, 95% Confidence Intervals =[0.0027, 0.0039], t(df =39) =10.8,
and p <0.01) and conventional drought (slope = 0.0016 per decade,
95% Confidence Intervals = [0.0012, 0.0020], t(df = 39)=8.8, and
p <0.01) from 1982 to 2022 (Fig. 3b). The annual rates of increase are
1.8% of the global mean NDVI level per decade for flash drought and
0.9% of NDVI per decade for conventional drought. These results
demonstrate a progressive exacerbation of the adverse impacts of
drought on NDVI, with flash drought exhibiting approximately a two-
fold higher acceleration in NDVI loss compared to conventional
drought. Furthermore, the analyses reveal that the increased NDVI
losses induced by drought from the 1982-2001 period to the
2002-2022 period were spatially extensive, encompassing
8121.8 x 10* km? of global land areas for flash drought (Fig. 3d) impacts
and 7180.7 x 10* km? for conventional drought impacts (Fig. 3e).
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c presents the difference in multi-year average NDVI reduction between flash-
drought-induced and conventional-drought-induced impacts (flash drought minus
conventional drought). d depicts the difference calculated by subtracting the
values of NDVI reduction due to flash drought between the period 2002-2022 and
the period 1982-2001. Like d, e depicts conventional drought. f shows the multi-
year average reduction in NDVI values observed under the impact of drought across
28 regions (1982-2022), each with a single dominant vegetation type. The classi-
fication of different vegetation types is based on the land cover classification from
the European Space Agency (ESA) Climate Change Initiative (CCI) Land Cover
dataset.

We analyzed the response characteristics of 28 regions (each with
a single dominant vegetation type) to flash drought and conventional
drought (Supplementary Figs. 15-17). During the early growing season,
all regions exhibit characteristic seasonal NDVI increases under normal
(pre-drought) conditions, reflecting typical phenological development
(Supplementary Figs. 15-17). However, divergent response mechan-
isms become evident during drought events. The results show that the
drought tolerance period (during which NDVI remains stable despite
water stress) lasts only 1-2 pentads for flash droughts, followed by a
sharp NDVI decline, whereas it extends to 3-4 pentads for conven-
tional droughts. This suggests that rapid soil moisture depletion dur-
ing flash droughts shortens the window for physiological adjustments,
while the gradual drying of conventional droughts allows NDVI to
sustain tolerance mechanisms longer.

Across all the vegetation types studied, the impact of flash
drought was found to be greater than the impact of conventional
drought (Fig. 3f). We find that closed (V-9) and closed-to-open (V-8)
deciduous broadleaved forests, along with closed-to-open evergreen
(V-11) and deciduous (V-15) needleleaved forests, exhibit greater vul-
nerability to both flash and slow-onset drought events compared to
other vegetation functional types. These forest ecosystems are pre-
dominantly distributed across mid-to-high latitudes in the Northern
Hemisphere, regions historically characterized by pronounced
drought intensity, frequency, and duration. Beyond forests, herbac-
eous systems—including crops, grasslands, and shrublands—also
exhibit strong sensitivity to flash drought events. Notably, croplands
are particularly susceptible to rapid-onset drought stress, with impact
severity increasing over time. This pattern raises urgent concerns
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regarding cascading risks to food security, agricultural economies, and
livelihoods dependent on rainfed and irrigated crop production. In
contrast, tropical evergreen broadleaf forests demonstrate remarkable
resilience to flash droughts, showing only 83% of the NDVI reduction
observed in other vegetation types, despite experiencing drought
conditions that are 18% more intense than the global average. This
unexpected resistance may result from three synergistic factors: (1)
shorter drought durations (14.6% below the global mean), (2) deep-
rooted water access—Amazonian roots extend beyond 150 cm—cou-
pled with substantial groundwater reserves®*’, and (3) frequent high-
intensity precipitation events that rapidly recharge soil moisture.
These adaptive traits collectively buffer tropical rainforests against
rapid soil moisture depletion, even under heightened drought stress.

We conducted additional analyses by calculating the ratio of NDVI
decline rate to soil moisture decline rate (termed the sensitivity ratio)
specifically in regions with the same drought frequencies. As shown in
Supplementary Fig. 18, the sensitivity ratio value during flash drought
periods (0.0034 +0.0007%") is higher than during conventional
drought periods (0.0018 + 0.0003%™) across all the vegetation types.
These results highlight fundamental differences in affecting NDVI
between flash drought and conventional drought.

To further analyze the differential response characteristics of
NDVI to the two types of drought, we calculated the incremental NDVI
losses corresponding to each 1% increase in the soil moisture percen-
tile decline rate (from 1% to 10% per pentad). The results reveal that
NDVI maintains relatively effective physiological regulation to mitigate
water stress when soil moisture decline rates are below 5% per pentad
(conventional drought), with NDVI loss increasing at a gradual, near-
linear rate (orange histogram in Supplementary Fig. 19). However,
when the decline rate exceeds 5% per pentad (flash drought), water
stress may exceed critical physiological thresholds, triggering an
acceleration in NDVI loss. The incremental NDVI losses nearly double
compared to those below 5% per pentad, showing a jump in NDVI
response (black histogram in Supplementary Fig. 19). This analysis also
indicates that 5% per pentad may represent a meaningful ecological
threshold where NDVI shifts from gradual degradation to accelerated
damage accumulation.

Mechanisms underlying drought impacts on NDVI

Figure 3b shows that flash droughts caused greater NDVI losses (9.0%)
compared to conventional droughts (5.3%) during 1982-2022. Using
spatial multiple linear regression analysis (see Method), we quantified
the relative contributions of four drought characteristics—soil moist-
ure decline rate, drought frequency, drought intensity, and drought
duration—to NDVI losses. The analysis indicates that drought fre-
quency (41.8%) and soil moisture decline rate (40.2%) are the dominant
factors explaining the greater NDVI losses associated with flash
droughts. Conversely, drought intensity (10.9%) and duration (7.1%)
played smaller roles. The higher contribution of drought frequency
reflects the more frequent occurrence of flash droughts—averaging
0.37 events per year compared to 0.25 for conventional droughts—
leading to accumulated NDVI losses over time. Meanwhile, the rapid
soil moisture decline in flash droughts may impose immediate water
stress, triggering stomatal closure that restricts photosynthesis and
increasing the risk of xylem embolism, which can cause swift NDVI
decline. In contrast, the gradual moisture depletion characteristic of
conventional droughts allows NDVI to activate adaptive strategies—
such as dynamic stomatal regulation and increased deep-root water
uptake—thereby mitigating NDVI losses.

Using a temporal multiple regression analysis, we examined the
dominant factors contributing to the increasing drought-induced
global NDVI loss from 1982 to 2022. As shown in Supplementary
Table 3, the results indicate that the trend of significantly increasing
drought frequency (slope = 0.034 events per decade, 95% Confidence
Intervals = [0.025, 0.044], t(df = 39)=7.32, and p<0.01,

Supplementary Fig. 20) is the dominant factor underlying the
increasing flash-drought-induced NDVI loss during this period,
accounting for 81.2% of the observed change. In contrast, the slightly
increasing soil moisture decline rate (0.14% pentad™ per decade),
increasing drought duration (0.034 pentads per decade) and the
increasing drought intensity (0.08% per decade) play secondary roles,
contributing 3.9%, 4.8% and 10.1%, respectively. A similar pattern was
found for conventional drought (Supplementary Table 3): increasing
frequency (0.015 events per decade, Supplementary Fig. 20) explained
79.1% of the NDVI loss trend, followed by drought intensity (17.3%), soil
moisture decline rate (3.5%) and drought duration (0.1%).

We extended this trend analysis across vegetation types (Sup-
plementary Fig. 21). The results indicate that the rising drought fre-
quency remained the dominant factor intensifying NDVI losses across
all vegetation types. However, in irrigated croplands, both drought
intensity and the soil moisture decline rate also played substantial
roles, each explaining over 10% to the increasing trend in NDVI losses
under both flash and conventional droughts.

Global patterns of NDVI drought recovery

After the NDVI lag response period (Fig. 3a), the NDVI enters the
recovery period. The period is defined as the time when NDVI begins to
recover and reestablish its normal growth and developmental state
until it reaches the normal level without the impact of drought for the
corresponding period. The duration of this phase corresponds to the
NDVI recovery time. The spatial and temporal patterns of global NDVI
recovery time following drought events is of crucial importance for
ecological restoration planning, natural resource management, cli-
mate change adaptation, and ecosystem services assessment®**’, Our
analysis estimates that the average global duration required for NDVI
to recover to pre-drought levels after flash drought events is 31+ 6.8
pentads for the period from 1982 to 2022 (Supplementary Fig. 22a). In
contrast, the average recovery time after conventional drought events
is estimated to be 27.8+6.6 pentads (Supplementary Fig. 22b).
Moreover, across 7309.6 x10*km? of terrestrial regions globally,
especially mid-to-high latitude areas in the Northern Hemisphere and
tropical regions, the NDVI recovery time following flash drought
events exceeds that of conventional drought events (Fig. 4a), with a
global average difference of 3.2 pentads. These findings highlight the
distinct impacts of flash and conventional droughts on NDVI recov-
ery time.

Figure 4b shows that NDVI can typically recover to normal levels
within 36 pentads—across 9256.3 x 10*km? of the global land area for
flash drought and 9991.1 x 10*km? for conventional drought. Further-
more, within 54 pentads, a very high proportion of NDVI—irrespective
of drought type—exhibits signs of recovery, encompassing around
11602.6 x 10*km? of the global land area. These findings suggest that,
in most scenarios, the restoration of NDVI to pre-drought levels occurs
within a time frame ranging from 36 to 72 pentads. Here we further
examine the impact of extreme and long-term drought events—
defined as droughts with durations at or above the 90th percentile of
all drought events—on NDVI recovery (Supplementary Text 5). We
found that approximately 87.5x10*km? and 39.9 x10*km? of areas
have still not recovered to pre-drought NDVI levels after experiencing
prolonged flash and conventional droughts (Supplementary Fig. 25),
respectively.

We analyzed the trend in global average values from 1982 to 2020
for NDVI recovery time after drought events (Supplementary Fig. 22c,
d). The results show a significant increasing trend (slope = 0.4 pentads,
95% Confidence Intervals =[0.29, 0.57], t(df = 37) = 6.2, and p < 0.01) in
the global average NDVI recovery time during the period of
1982-2020, with an annual increase of 0.4 pentads for both flash
drought and conventional drought (Supplementary Fig. 22¢, d). This
increasing trend was observed over 8225.0 x 10*km? of the global land
surface for flash drought (Supplementary Fig. 22e) and
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the land area in regions with NDVI recovery time less than or equal to a cer-

tain value.

8689.1x10*km? for conventional drought (Supplementary Fig. 22f).
This prolongation of NDVI recovery time has potential implications for
reducing both ecosystem productivity and carbon sequestration
capacity and thus exacerbating climate degradation.

Analysis conducted for different regions (each with a single
dominant vegetation type, Supplementary Fig. 26) indicated that tro-
pical rainforests and temperate forests exhibit longer recovery periods
following drought events, particularly the evergreen broadleaved trees
in the Amazon rainforest, which were estimated to require up to 36.2
pentads and 33.8 pentads for full recovery after flash drought and
conventional drought, respectively. These findings are consistent with
previous research findings®®. In contrast, irrigated croplands
(23.6-28.2 pentads), grasslands (25.8-27.2 pentads), and shrublands
(26.0-28.6 pentads) display shorter recovery periods. Consistent with
these values, recent evidence also reported that drought legacy effects
on forests are more pronounced compared to shrubs and grasses®.

Our study provides a comprehensive global assessment of the
escalating ecological threats posed by flash droughts. By refining
methodologies to account for lagged responses and offset effects, we
find that flash droughts induce greater NDVI losses than conventional
droughts. This disparity is primarily attributed to their higher fre-
quency (contributing 41.8%) and accelerated soil moisture decline
rates (40.2%). We also document a significant upward trend in global
NDVI loss due to flash droughts (slope = 0.0033 per decade, 95%
Confidence Intervals = [0.0027, 0.0039], t(df = 39)=10.8, and
p <0.01), primarily driven by their rapidly increasing frequency. While
NDVI typically recovers within half year over most land areas following
flash droughts, the recovery time is longer than after conventional
droughts (average difference of 3.2 pentads) and is exhibiting a pro-
longation trend of 0.4 pentads per year since 1982, particularly in
critical biomes like tropical rainforests and temperate forests.

These findings underscore that the accelerating shift towards
more frequent, intense, and rapid-onset flash droughts poses an eco-
logical challenge, highlighting the vulnerability of NDVI to abrupt
hydrological changes under a warming climate. The amplified NDVI
loss and delayed recovery may threaten ecosystem productivity, car-
bon sequestration capacity, and critical services such as food security.
Additionally, flash droughts exhibit a shorter tolerance period and
more rapid NDVI decline, often requiring prompt measures such as
emergency irrigation and water reallocation. In comparison, conven-
tional droughts, with their extended adaptation window, generally
permit more measured response strategies. From a management
perspective, these differences suggest that flash droughts may benefit
from dedicated rapid-response frameworks, while conventional
droughts might be managed through more systematic approaches. In
summary, addressing this challenge requires integrating the unique

characteristics of flash droughts into climate adaptation strategies,
ecosystem management, and drought monitoring systems to mitigate
their escalating ecological consequences.

Methods

Method for analysis of global NDVI vulnerability to drought
The NDVI data used in this study were obtained from the NOAA Climate
Data Record (CDR) of the Advanced Very High Resolution Radiometer
(AVHRR) Surface Reflectance, with a spatial resolution of 0.05° x 0.05°
spatial resolution’. NDVI is a widely used proxy for vegetation greening
dynamics, calculated based on the difference between near-infrared
and red light reflectance. However, this index cannot resolve vertical
vegetation structure or distinguish between plant species with similar
reflectance characteristics, limiting its ability to represent community
composition. To ensure NDVI changes primarily reflect drought stress
rather than phenological cycles, we focused analysis on the vegetation
growing season (the period coinciding with peak vegetation activity
and monsoon rains). This avoids cold dormancy and dry-season leaf
shedding effects. The growing season classification scheme employed
in this study (April-September for the Northern Hemisphere and
October-March for the Southern Hemisphere) aligns with mainstream
approaches in global vegetation research””*”2 It should be noted that
this classification may not fully capture seasonal characteristics in
certain special ecoregions, such as semi-arid areas with winter growing
seasons and tropical regions with distinct seasonal variations. This
important aspect warrants further refinement in future studies through
the development of more region-specific growing season criteria.

We first fitted a smooth spline over the NDVI data for a specific
pentad during the period from 1982 to 2022. If that pentad in a par-
ticular year was experiencing drought, the NDVI data for that year’s
pentad was excluded from the smoothing spline fitting process. Then,
the spline was used to estimate the average NDVI for the specific
pentad of interest. This average NDVI serves as a representation of the
vegetation state in the absence of drought impact. Given the
observed NDVI value y; « in a specific pentad k at the i-th year (i=1, 2,...,
n), the calculation of smoothing spline can be summarized as follows:

n

QN =D ik —f(x)) +)’/f”()()dx

i=1

@

Where Q is the objective function of spline f(x); x; represents the year
that is sequentially ordered as the i-th year (x;=1982,1983, ..., 2022); y
is a smoothing parameter; f”(x) is the second derivative of the spline
that represents the smoothness of the curve. For a given y value, we
can obtain the optimal smoothing function f(x) by minimizing the
target function Q(f).
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Then, the deviation (or anomaly) between the observed NDVI
(affected by drought, NDViyps ) and the estimated spline (NDVspjine «)
was used to quantify the drought-induced NDVI losses in a specific
pentad k in the year x; for a certain grid cell (NDVljss4)™. Namely,

NDVI[oss,k = NDV’obs,k - NDVIspline,k (2)

Taking Fig. 3a as an example, each data point represented by a
circle on the blue line corresponds to the observed NDVI value for a
specific pentad in a given year. Each pentad is associated with a spline
curve, and the collection of these spline curves is shown as the green
line in the graph, depicting the trend for NDVI variation throughout the
year without drought impact. Therefore, during the period of drought
impact on NDVI, from the end of the drought tolerance period to the
end of the NDVI lag response period, the difference between the blue
line and the green line represents the NDVI losses caused by the
drought event (flash or conventional drought).

Considering offset effects between consecutive drought events
When the current drought occurred, the NDVI loss caused by the
previous drought had still not recovered to the normal level, leaving a
residual deficit (RD, Eq. 3). The total NDVI loss during the current
drought was a certain amount (NDViy,, Eq. 4). Of this total loss, a
portion should be attributed to the carryover effects of the previous
drought and thus excluded from the impacts of the current drought.
Therefore, the net NDVI loss directly attributable to the current
drought (NDVlimpace) can be calculated by subtracting the carryover
effects from the total loss during the current drought event (Eq. 5).

RD:NDVIspline,k:I_NDVIobs,k:I (3)
m
NDVlips= > (NDVIops i = NDVIspine ) “
k=1
NDVlypace =NDVI o5 — RD 5)

The current drought event lasted for m pentads, where k (k=1,
2,..., m) represents the k-th pentad of the current drought event.
NDVispjine k=1 and NDVlyps -7 are the NDVI values obtained from the
smooth spline fitting and the observed NDVI value, respectively, both
at the first pentad of the current drought event. NDVlsnex and
NDVl,ps i are the NDVI values obtained from the smooth spline fitting
and the observed NDVI value, respectively, both at the k-th pentad of
the current drought event.

Method for estimating the drought-induced NDVI losses across
different vegetation types

The vegetation classification is identified based on the global land
cover maps provided by the European Space Agency (ESA) Climate
Change Initiative (CCI) Land Cover dataset”. The spatial distribution of
each vegetation type has been continuously evolving from 1992 to
2022 according to the ESA CCI Land Cover dataset. In this study, we
focus our analysis only on the response characteristics of that vege-
tation type within fixed, unchanging regions over this time period.

Method for estimating contributions of driving factors to var-
iations in drought-induced NDVI loss

To quantify the relative contribution of each driving factor to the
variation in the drought-induced NDVI loss, we employed a multiple
linear regression analysis (Eq. 6).

Y=by - x;+by - x;+by-x3+by - x4t by (6)

Here, y represents the drought-induced NDVI loss amount; x3, x5,
x3 and x, represent the soil moisture decline rate (% pentad™), drought
frequency (events), drought intensity (%), and drought duration
(pentads), respectively; by, b, b3 and b, are regression coefficients, and
bo is the residual error term. Regressions were estimated on the annual
anomalies of the variables, an approach that could remove the effects
of background levels while retaining the impacts of interannual var-
iations on NDVI growth, thereby reflecting the sensitivities of NDVI
growth to these factors’ ¢,

Based on the estimated regression coefficients, we can calculate
the standardized coefficients of x; (stc;), X, (stc,), x5 (stc3) and x4 (stcy)
using Eqgs. 7-10, respectively.

ste;=b, - Sstij(();)) @)
stc,=b, - Sst:j d((x;)) 8
stc;=b; - Sst? d((x;)) ©)
stey b, - S (10)

Where std(x;), std(x,), std(x;), std(x,) and std(y) are the standard
deviations of xj, x5, x3 x4 and y, respectively. The standardized coef-
ficients provide a way to directly compare the relative importance of
the different independent variables in the regression model. The
magnitudes of the standardized coefficients indicate the relative
importance of the corresponding independent variables in explaining
the changes in drought-induced NDVI loss amount. Variables with
larger standardized coefficients have a greater impact on the
dependent variable.

Finally, using Eqs. 11-14, we can estimate the contribution rates of
x1 (), X3 (r2), X3 (r3) and x4 (ry) to the variations in drought-induced
NDVI loss amount from 1982 to 2022, based on the obtained stan-
dardized coefficients.

= ste, a
(stc, +stcy +stes +stcy)

ry= & 1)
(stcy +stc, +stcy +stcy)

ry= St 13)
(stc, +stc, +stes +stcy)

stc, 1)

ry= (
Sty +Stc, +stcs +stcy)

In this study, multiple linear regression analysis was conducted in
two ways: spatial multiple regression analysis and temporal multiple
regression analysis. Spatial multiple regression analysis was used to
explain why the multi-year average flash drought-induced NDVI loss
was greater than that of conventional drought-induced NDVI loss.
Therefore, the dependent variable y was the difference between the
multi-year average flash drought-induced NDVI loss and the conven-
tional drought-induced NDVI loss across all grid cells. Similarly, x;, x5,
x5 and x4 were also calculated as the differences between the corre-
sponding flash drought and conventional drought metrics. Temporal
multiple regression analysis was applied to investigate why flash (or
conventional) drought-induced NDVI losses exhibited a significant
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increasing trend from 1982 to 2022. Here, X3, X, X3, X4 and y corre-
sponded to time-series data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Daily data on soil moisture (0-7 cm, 7-28 cm, and 28-100 cm), pre-
cipitation, ET and snowmelt were derived from the ERA5-land
reanalysis dataset. The data were sourced from the Copernicus
Climate Data Store at a 0.25°x 0.25° spatial resolution (https://cds.
climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=
overview)*®, The daily global land temperature record was obtained
from the Berkeley Earth land temperature dataset, which incorporates
data from over 40,000 stations and employs kriging-based spatial
interpolation at a 1° x 1° resolution, providing extensive spatial cover-
age from 1850 to the present (https://berkeleyearth.org/data/)”.
Monthly precipitation and potential evapotranspiration data were
derived from the HadCRUT4 dataset (hosted in the CEDA Archive).
These data were interpolated using angular-distance weighting (ADW)
from extensive weather station networks at a 0.5°x 0.5° resolution
(https://archive.ceda.ac.uk/)’®. The NDVI data used in this study were
obtained from the NOAA Climate Data Record (CDR) of the Advanced
Very High Resolution Radiometer (AVHRR) Surface Reflectance at a
0.05° x 0.05° spatial resolution (https://www.ncei.noaa.gov/products/
climate-data-records/normalized-difference-vegetation-index)’. Glo-
bal land cover maps were obtained from the European Space Agency
(ESA) Climate Change Initiative (CCI) Land Cover dataset. These maps
provide 300-meter resolution data from 1992 to 2022, based on
observations from the Project for On-Board Autonomy-Vegetation
(PROBA-V), Sentinel-3 Ocean and Land Colour Instrument (OLCI), and
Sentinel-3 Sea and Land Surface Temperature Radiometer (SLSTR)
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-land-
cover)”. The global burned area data were collected from the MODIS
burned area product (available post-2000; https://Ipdaac.usgs.gov/
products/mcd64alv061/)*° and the AVHRR-LTDR burned area product
(covering pre-2000; https://catalogue.ceda.ac.uk/uuid/
blbd715112ca43ab948226d11d72b85¢/)*". We regridded all observa-
tional datasets to a common 0.5°x0.5° latitude-longitude spatial
resolution using bilinear interpolation.

Code availability
The code for this study is available via Github at https://github.com/
Yuanchail/Code-for-analyzing-drought-impacts-on-vegetation.git.
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