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Abstract
The increasing occurrence of flash droughts with rapid onsets poses a great threat to food security
and ecosystem productivity. While temporal trends in flash droughts have been extensively studied,
the contributions of climate warming, vegetation greening, and the physiological effect of rising
CO2 to trends in flash drought characteristics remain unclear. Here we show there are significant
increasing trends in flash drought frequency, duration, and intensity for most of China during
1961–2016. Warmer temperatures and vegetation greening increase evapotranspiration and
decrease soil moisture, and explain 89% and 54% of the increasing frequency of flash drought
respectively. Rising CO2 concentrations reduce stomatal conductance, which acts to decelerate the
increasing drought frequency trend by 18%, whereas the physiological effects of rising CO2 on
flash drought duration and intensity are smaller. Warming also outweighs vegetation greening for
the increasing trends of flash drought duration and intensity over most of China, except North
China. Our study highlights the role of climate warming in increasing the risk of flash droughts.

1. Introduction

Flash drought develops rapidly over subseasonal time
scales (Otkin et al 2018, Yuan et al 2018a, 2019,
Pendergrass et al 2020). It causes rapid depletion
in soil moisture, thereby damaging ecosystems and
increasing risks for water and food security (Hoerling
et al 2014, Zhang and Yuan 2020, Hunt et al 2021).
There have been many extreme flash drought events
worldwide such as the U.S. Midwest drought in 2012
(Otkin et al 2016), the southern China drought in
2013 (Yuan et al 2015), the Russian drought in 2010
(Christian et al 2020), and the 2019 drought in Aus-
tralia (Nguyen et al 2021), causing enormous eco-
nomic and agricultural losses. With anthropogenic
influence on climate change, the risk of flash drought
is projected to increase (Yuan et al 2019, Noguera et al
2020, Christian et al 2021, Mishra et al 2021, Wang
and Yuan 2021).

The rapid depletion of soil moisture during flash
droughts is not only related to precipitation deficits
but also to high temperatures driving more water loss
from the land surface (Koster et al 2019). Accord-
ing to the sixth Assessment Report (AR6) of the
Intergovernmental Panel on Climate Change (IPCC),
global surface temperature during 2000–2020 was
0.99 ◦C higher than 1850–1900. What is more,
the increase in temperature over China is 1.3 ◦C–
1.7 ◦C/century since 1900, which is much larger than
1± 0.06 ◦C/century of the global land mean temper-
ature increase (Yan et al 2020). Additional warming
caused by human activities has been shown to fur-
ther increase the occurrence of drought (Chen and
Sun 2017, Samaniego et al 2018, Ault 2020, Hari et al
2020). Zhang et al (2021) argued that there is a con-
trast in trends of different flash drought severities over
the Gan river basin in China, where exceptional flash
droughts decrease while moderate and severe flash
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droughts trend slightly upward. A recent study by
Yuan et al (2019) found that anthropogenic climate
change explained 77% of the upward trend in flash
drought frequency over China. However, most stud-
ies have focused on the combined influence of mul-
tiple meteorological factors on drought (Chen and
Sun 2017, Samaniego et al 2018), while climatewarm-
ing and its associated impacts on drought processes
have received less attention.

The development of flash drought is not only
influenced by climate change, but might also be
related to the change of the land surface condition.
Vegetation greening would also alter the terrestrial
water cycle and thus the propagation of flash droughts
(Ukkola et al 2016, Zeng et al 2018, Piao et al 2020,
Chen et al 2021). Vegetation controls the exchange
of water between the atmosphere and the land, and
greening increases water loss through transpiration
from an expanded leaf area. Chen et al (2019a) found
that China led the greening of the earth, account-
ing for 25% of the global increase in leaf area index
(LAI) during the past two decades. Previous stud-
ies show that greening contributes more than half
of the global evapotranspiration (ET) increase since
the 1980s (Zhang et al 2016, Zeng et al 2018). Chen
et al (2021) found that vegetation greening increases
flash drought frequency over the U.S. through enhan-
cing ET. On the other hand, the physiological effect
of elevated CO2 lowers stomatal conductance and
reduces plant water use, thus increasing water use
efficiency (Zhou et al 2017, Wang et al 2019) and
decreasing ET loss (Ji et al 2020a). Plant response to
rising CO2 concentration partially offsets the drought
severity (Burke 2011, Swann et al 2016). However,
the effects of warming, vegetation greening, and the
physiological effects of rising CO2 concentration on
drought vary among different regions, so it is neces-
sary to consider these divergent effects in an integ-
rated assessment framework.

Land surface models are widely used in study-
ing the trend of flash droughts under climate change
and land cover change at regional scalses (Chen et al
2021, Mishra et al 2021). This study aims to invest-
igate the trends of frequency, duration, and intensity
of flash droughts over China during 1961–2016. In
particular, multiple numerical experiments through
land surfacemodeling were conducted to separate the
contributions of increasing temperature, vegetation
greening, and the physiological effects of rising CO2

to the changes in flash droughts.

2. Materials andmethods

2.1. Data
The CRUNCEPv7 forcing data includes 6-hourly
wind, specific humidity, surface pressure, downward
shortwave radiation and downward longwave radi-
ation with a spatial resolution of 0.5 degree. The

meteorological forcing for driving the land surface
model is the CRUNCEPv7 data during 1961–2016
(Viovy 2018). Here, we replaced the CRUNCEPv7
daily precipitation and temperature with CN05 grid-
ded observational data provided by China Meteor-
ological Administration. The spatial resolution of
CN05 is 0.25 degree compiled from over 2400 obser-
vational meteorological stations, which was shown to
be better than global products over China (Wu and
Gao 2013). The daily precipitation and temperature
from CN05 were downscaled to 6-hourly according
to the diurnal cycle of precipitation and temperature
data from CRUNCEPv7, but the daily mean values
are the same as CN05 given its accuracy. In particu-
lar, CN05 daily total precipitation was disaggregated
into 6-hourly according to the ratio of CRUNCEPv7
6-hourly precipiation data, and the daily temperat-
ure bias between CN05 and CRUNCEPv7 was added
back into CRUNCEPv7 6-hourly temperature data.
The historical CO2 concentration as an input of the
land surface model is the same as that of CMIP6
historical experiments (figure S1 available online
at stacks.iop.org/ERL/17/054041/mmedia; Mein-
shausen et al 2017).

LAI in the land surface model is used to rep-
resent vegetation conditions and here simulations
with dynamic and fixed LAI are used to disentangle
the effects of vegetation greening on flash droughts.
Vegetation greening influences the terrestrial water
cycle with the interaction of the soil-vegetation-
atmosphere continuum, thus the propagation of flash
drought (Chen et al 2021). The monthly LAI dataset
used here consisted of CMIP6 LAI datasets at spatial
resolutions ranging from 1◦ to more than 2◦ during
1961–1980 (table S1) and remote sensing LAI from
the Global Land Surface Satellite product (GLASS-
AVHRR) at 0.05◦ during 1981–2016, which were
all interpolated or aggregated to 30 km resolution.
The LAI datasets from 37 CMIP6 models were val-
idated against GLASS-AVHRR LAI over China dur-
ing the overlapped period of 1981–2014, with the
E3SM-1-1, E3SM-1-1-ECA, and EC-Earth3-Veg-LR
models selected due to the same trend over China
and most subregions with GLASS-AVHRR (table S2)
and reasonable spatial climatology over China (figure
S2). The systematic biases for these CMIP6 LAI data-
sets were removed at monthly scale using the trend-
preserved bias correction method suggested by ISI-
MIP (figure S3; Hempel et al 2013), and the ensemble
mean LAI was used for land surface modeling.

2.2. Experiment design
Here we used the Conjunctive Surface-Subsurface
Process model version 2 (CSSPv2; Yuan et al
2018b). TheCSSPv2-simulated soilmoisture, stream-
flow, and ET were evaluated against multi-source
observations in China (Yuan et al 2018b, Ji et al
2021, Liu et al 2021b). CSSPv2 performed better than
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Table 1. Information for the land surface model experiments performed during this study. In the control experiment (CTL), the
meteorological forcings are from CRUNCEPv7 and CN05, and the CO2 concentration and LAI vary year by year. Other experiments use
detrended temperature at the pivot year of 1961 (Temp_min) or 2016 (Temp_max), fixed CO2 concentration at 1961 (CO2_min) or
2016 (CO2_max), or fixed LAI at 1961 (LAI_min) or 2016 (LAI_max).

Name Meteorological forcing CO2 concentration LAI

CTL CRUNCEPv7 and CN05 Dynamic Dynamic
Temp_min CRUNCEPv7 and CN05, but the trend of

temperature is removed at the pivot of 1961
Dynamic Dynamic

Temp_max CRUNCEPv7 and CN05, but the trend of
temperature is removed at the pivot of 2016

Dynamic Dynamic

CO2_min CRUNCEPv7 and CN05 Fixed at 1961 Dynamic
CO2_max CRUNCEPv7 and CN05 Fixed at 2016 Dynamic
LAI_min CRUNCEPv7 and CN05 Dynamic Fixed at 1961
LAI_max CRUNCEPv7 and CN05 Dynamic Fixed at 2016

modern reanalysis for the simulation of daily soil
moisture, with increased correlations of 26%–68%
and reduced errors of 14%–24% validated against
2090 soil moisture observational stations in China
(Zeng et al 2021). CSSPv2 was also successfully
applied to simulate the effect of land cover change
on hydrological processes and extremes over head-
waters (Ji et al 2020a, 2020b). The study period is
from 1961 to 2016 and the spatial resolution of these
experiments is 30 km, with meteorological forcings
and surface data mentioned above regridded to the
same resolution.

The control experiment (CTL) was used to sim-
ulate the real situation. It was conducted by using
observed meteorological forcing (CRUNCEPv7 and
CN05), dynamic LAI from satellite observations and
earth system model simulations, and dynamic CO2

concentrations from observations. The six sensit-
ivity experiments listed in table 1 used detrended
temperature (Temp_min/Temp_max), fixed LAI
(LAI_min/LAI_max), and fixed CO2 concentration
(CO2_min/CO2_max) to distinguish the influence of
warming, vegetation greening, and the physiological
effects of CO2 concentration on flash drought trends
relative to CTL. In the experiments of Temp_min and
Temp_max, the seasonal trends for daily temperat-
ure were removed to exclude long-term trends but
conserve the daily variability as follows:

Tempadj,i,j = Tempi,j +αj

(
ipivot− i

)
, (1)

where Tempi,j is the real daily temperature in year
i and season j, and Tempadj,i,j is the adjusted daily
temperature in the same year and season, where
the linear trend of temperature at season j during
1961–2016 was removed.αj is the linear trend in tem-
perature in season j at a given grid cell, and ipivot
is the pivot year, which was chosen as 1961 in the
experiment of Temp_min and 2016 in the experi-
ment of Temp_max, representing cold and warm cli-
mate scenarios, respectively (Mao et al 2015). In the
experiments of LAI_min and LAI_max, the monthly
LAI was fixed in 1961 and 2016 respectively, and
meteorological forcings and CO2 concentrations are

the same as those inCTL experimentwith interannual
variations and long-term trends. In a similar way, the
annual time series of CO2 concentrations were fixed
in 1961 and 2016 inCO2_min andCO2_max, respect-
ively, and meteorological forcings and LAI are the
same as those in CTL.

2.3. Attribution of trends in flash drought
characteristics
Firstly, we identified flash droughts using soil mois-
ture from CSSPv2 simulations as listed in table 1.
The soil moisture averaged from the surface to the
depth of 1 m was transformed into soil moisture per-
centiles at pentad scale, and the flash drought event
was identified according to Yuan et al (2019). For a
flash drought to occur, the soil moisture percentiles
must drop from above the 40th percentile to below
the 20th percentile with the decline rate of soil mois-
ture percentiles being no less than 5% per pentad.
The flash drought ends when the soil moisture per-
centile subsequently recovers above the 20th percent-
ile. The duration of flash drought is the total period
from the onset (drops below the 40th percentile) to
the end of flash drought (recovers up to the 20th
percentile). The intensity of the flash drought is cal-
culated as the mean deficit of soil moisture percent-
iles per pentad compared with the threshold of 40%
during the entire flash drought event. Considering the
ecological impacts of flash droughts, we only focus on
the growing season from April to September. Then,
the contributions of warming, vegetation greening,
and increasing CO2 to flash droughts were obtained
by comparing results from CTL to each of the sensit-
ivity experiments (Piao et al 2015). The contributions
of each factor to the trend of flash drought frequency,
duration, and intensity were calculated as follows:

trendα,β =
trendCTL−exp1,β + trendCTL−exp2,β

2
, (2)

where trendCTL−exp1,β and trendCTL−exp2,β are the
linear trends of differences for a certain flash drought
characteristicβ (i.e. frequency, duration, or intensity)
between CTL and a sensitivity experiment, respect-
ively. The trendα,β is the contribution of the factor
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Figure 1. The climatology and linear trends of growing season temperature (◦C) and leaf area index (LAI, m2 m−2) during
1961–2016. Stippling over each pixel indicates a 95% confidence level. There are nine subregions (a): northeastern China (NE),
Inner Mongolia (IM), northern China (North), northwestern China (NW), Xin Jiang (XJ), Tibet (TB), southwestern China (SW),
eastern China (East), and southern China (South).

α which is set in exp1 and exp2 to the trend of flash
drought characteristic β. The significance of linear
trends was evaluated using Student-t test with a 95%
confidence level. If the values of trendCTL−exp1,β and
trendCTL−exp2,β are both positive or negative, and at
least one of them is statistically significant, the con-
tribution of the factor α to the trend of flash drought
is considered statistically significant. China is divided
into nine regions including northeasternChina, Inner
Mongolia, northern China, northwestern China, Xin
Jiang, Tibet, southwestern China, eastern China, and
southern China as shown in figure 1(a). Xin Jiang
is excluded in the analysis considering the limited
occurrences of flash droughts (figure S4(a)).

3. Results and discussions

3.1. The trend of temperature, LAI, and CO2
concentration over China
Figure S4 shows the multi-year mean frequency,
duration, and intensity of flash droughts during

1961–2016 based on CSSPv2 simulation. The
mean frequency, duration, and intensity of flash
droughts averaged over China are 2.5 events/decade,
47.6 d/event, and 23.6% percentile/pentad, respect-
ively. The multi-year mean temperature during
growing seasons is relatively high over southern and
easternChina (>20 ◦C) and lowover Tibet and north-
western China (<10 ◦C; figure 1(a)). Warming is
expected to intensify droughts through increasing
atmospheric evaporative demand (Cook et al 2014,
Trenberth et al 2014, Grossiord et al 2020). In China,
the growing season temperature is significantly
increasing at 0.02 ◦C per year (p < 0.001), and the
trend is larger over Tibet, northwestern China, Inner
Mongolia, and northeastern China (figure 1(b)),
which is consistent with Sun and Ao (2013), Hu and
Sun (2021), andHuang et al (2022). Figure 1(c) shows
the spatial climatology of growing season LAI during
1961–2016, which is higher over southern, south-
western, eastern, and northeastern China. Climate
change and CO2 fertilization are dominant drivers of

4



Environ. Res. Lett. 17 (2022) 054041 M Zhang et al

vegetation greening on a global scale (Piao et al 2020).
Besides, a series of projects to conserve and expand
forests have been conducted over China since the
2000s. The LAI shows a significant increasing trend
at 0.87 m2 m−2 per year (p < 0.001) over China, with
a larger increasing rate over northern and northwest-
ern China (figure 1(d)). Although droughts cause
vegetation browning or even plant mortality dur-
ing a dry period, they still do not change the long-
term increasing trend of LAI. The CO2 concentra-
tions also show a significant upward trend during
1961–2016 (figure S1).

3.2. Attribution of the trend of flash drought
characteristics
The mean frequency of flash droughts averaged over
China is 2.9 events/decade, 2.5 events/decade, and
3.4 events/decade in experiments with high values
of LAI (LAI_max), CO2 concentration (CO2_max),
and temperature (Temp_max), respectively. Flash
drought frequency is increased due to higher LAI
and temperature as compared with 2.5 events/dec-
ade in CTL experiment. Figure 2 shows the trends
of flash drought frequency, duration, and intens-
ity over China and its subregions simulated by the
CTL experiment that includes observed warming,
increases in LAI, and the physiological effects of
increasing CO2 concentration, and those simulated
by sensitivity experiments where the CO2 concentra-
tion, LAI, or temperature are detrended respectively.
In the CTL experiment, the trend for the frequency
of flash droughts averaged over China is 0.016 events
per decade per grid point (p < 0.1), concentrated over
northernChina, northeasternChina, and InnerMon-
golia (figure 2(a)). The frequency of flash drought
increases by 39% from 1961 to 2016. The duration
of flash drought events increased at 1.1, 3.3, 0.9 and
2.4 d per decade over northern China, southwest-
ern China, Inner Mongolia and Tibet, whereas the
trend of the duration is−2.2 d per decade over north-
western China (figure 2(b)). The trend of intensity
is similar to the trend of duration, which is pos-
itive over northern and northeastern China, Inner
Mongolia and Tibet and negative over northwestern
China (figure 2(c)).

In the experiments of CO2_min and CO2_max,
the influence of rising CO2 concentration on flash
droughts is ignored and the average mean of trends
of flash drought characteristics in CO2_min and
CO2_max is used here, which are only under the
influence of climate warming and vegetation green-
ing. The increase in flash drought frequency over
China is larger when the CO2 concentration is fixed
(blue boxes compared with black boxes, figure 2(a)).
Thus increasing CO2 concentrations decreases the
trend of flash drought frequency by 0.003 events
per decade, which partially offsets (18%) the overall

increase in flash droughts in CTL. Rising atmospheric
CO2 decreases stomatal conductance, thus decreas-
ing evapotranspiration during droughts. The CO2

physiological effects alleviate the increasing trend of
flash drought frequency by 6%, 13%, and 8% over
northernChina, northeasternChina, and InnerMon-
golia, respectively. The influence of CO2 physiolo-
gical effects on soil moisture is most significant
over northeastern China, with the largest increase in
soil moisture induced by higher CO2 concentrations
(>0.003 m3 m−3 per 100 ppm CO2; figure S6(c)).
However, the effects of rising CO2 on the hydrolo-
gical cycle are rarely considered, which may over-
estimate the risk of drought in climate change
(Liu et al 2021a).

When there is no warming in the experiments
of Temp_max and Temp_min, the trend of flash
drought frequency averaged over China is only 0.002
events per decade (red boxes, figure 2(a)), which is
much lower than that in a warming climate (CTL
experiment). The contribution of increasing tem-
perature is 89% to the increasing trend of flash
drought frequency over China. The trend of flash
drought frequency without warming is 0.04, 0.03,
and 0.04 events/decade over northern China, north-
eastern China, and Inner Mongolia; therefore, cli-
mate warming accounts for 6%, 55%, and 37% of the
increasing flash drought frequency over these regions,
respectively. Climate warming explains more of the
increasing flash drought frequency over northeastern
China than northern China as their soil moisture is
more sensitive to the change of temperature (figure
S6(b)).What is more, the magnitudes of the increases
in temperature over northeastern China and Inner
Mongolia are also higher (figure 1(b)). The change
of flash drought frequency induced by warming over
eastern China is also significant (figure 2(a)).

Vegetation greening generally intensifies flash
drought, and accounts for the increasing trend of
flash drought frequency by 54%, 49%, 21% and 34%
over China, northern China, northeastern China and
Inner Mongolia, respectively (green boxes compared
with black boxes, figure 2(a)). Overall, both warm-
ing and vegetation greening contribute to the increase
in flash drought frequency, and the increase in tem-
perature plays a more important role than vegeta-
tion greening, whereas the CO2 physiological effects
alleviate the increasing trend of flash drought fre-
quency. For northern China, the increase in LAI con-
tributes more than warming to the increasing flash
drought events. However, for northeastern China, cli-
mate warming plays amore important role in increas-
ing flash droughts.

The warming and vegetation greening also con-
tribute to the increases in flash drought duration and
intensity (figures 2(b) and (c)). The regions with a
longer duration of flash droughts including northern
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Figure 2. Linear trends of flash drought frequency, duration, and intensity during 1961–2016 over China and eight sub-regions
considering different factors including climate warming, vegetation greening, and increasing CO2 concentration. ∗∗ and ∗ show
that the trend is statistically significant at the 95% and 90% confidence levels in the control experiment respectively, and the
triangle indicates that the difference for a given flash drought characteristic is significant at a 95% confidence level between the
control experiment and the sensitivity experiments that exclude dynamic CO2 concentration, climate warming, or vegetation
greening.

China, Inner Mongolia, southwestern China, and
Tibet are mainly attributed to increases in temper-
ature, with the contributions ranging from 76% to
104%. For northern China, warming and vegetation
greening account for 45% and 56% of the increase
in flash drought duration, and 15% and 37% of the
increase in flash drought intensity, respectively. And
the warming also accounts for 95% and 75% of the
increasing intensity of flash droughts over north-
eastern China and Inner Mongolia, respectively. The
flash drought duration and intensity over northwest-
ern China show decreasing trends, which are prob-
ably influenced by increasing soil moisture since the
2000s (figure S5(g)).What ismore, warming has a lar-
ger influence on the duration and intensity of flash
drought than on their frequency, which implies that
flash droughts are stronger and last longer under
higher temperature.

3.3. The influences of vegetation greening,
warming, and CO2 physiological effects on the
water cycle
Here we explain the spatially divergent changes of
flash drought over China from the water cycle per-
spective under a changing environment. Figure 3
shows changes in the trends in soil moisture, evapo-
transpiration, and total runoff due to increasing LAI,
temperature, and CO2 concentration. The soil mois-
ture generally decreases due to increasing LAI and cli-
mate warming, whereas the soil moisture increases as
CO2 concentration increases. Soil moisture decreases
are larger due to increasing LAI than to climate
warming over northern China (figures 3(a) and (b)),
which may be related to larger trends of LAI and

a higher sensitivity of hydrological intensification to
LAI compared with other regions (figures 1(d) and
S6(a); Deng et al 2020). In contrast, warming plays a
more important role in decreasing soil moisture over
northeastern China. This is consistent with the above
findings that the increasing trend in LAI explains
most of the intensified flash droughts over north-
ern China, while climate warming accounts for more
of the increasing flash droughts over northeastern
China. The magnitude of the change of soil mois-
ture due to increasing CO2 concentration is smal-
ler than that induced by climate warming and veget-
ation greening. The increasing LAI is expected to
increase vegetation transpiration (Zeng et al 2017,
Li et al 2018), and the linear trend of ET change
due to increasing LAI is generally positive, especially
over northern China (figure 3(d)). Correspondingly,
total runoff decreases due to increasing LAI and ET
(figure 3(g)).Warming also enhances ET (figure 3(e))
and decreases the total runoff (figure 3(h)) over
China. The soil moisture change induced by warm-
ing is regulated by the change of ET and runoff. The
trend of soil moisture change induced by increases in
LAI is not significant over southern China and east-
ern China (figures 3 and S6(a)), thus the greening
vegetation may not intensity flash drought over these
regions. This result is consistent with that greening
has more obvious effects on the hydrological cycle
over relatively dry regions than wet regions (Zeng
et al 2018). Higher CO2 concentration results in sto-
matal closure and decreases stomatal conductance,
thus the ET change induced by high CO2 concentra-
tion shows a decreasing trend (figure 3(f)), and the
runoff is increased (figure 3(i)).
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Figure 3. Linear trends of changes in soil moisture, evapotranspiration, and runoff induced by vegetation greening (a), (d) and
(g), climate warming (b), (e), (h), and increasing CO2 concentration (c), (f) and (i).

4. Conclusions

This study investigates trends in flash drought fre-
quency, duration, and intensity over China during
1961–2016, and examines the role of increasing tem-
perature, vegetation greening, and elevated atmo-
spheric CO2 concentration on these trends through
land surface modeling. Flash droughts have become
more intense over northern China, northeastern
China, Inner Mongolia, and Tibet. In northwest-
ern China, the trends of flash drought duration and
intensity are decreasing which may be related to a
wetter trend. Previous studies have focused on the
influence of climate and vegetation change on a cer-
tain hydrological variable, whereas the attribution of
drought has received less attention. What is more,
the dominant role of climate and land cover change
in intensifying water cycle is different in each region
(Zhang et al 2008, Ji and Yuan 2018, Chen et al
2019b). Through performing sensitivity simulations

with a land surface model, the effects of climate
warming, vegetation greening, and plant physiolo-
gical response to risingCO2 on flash droughts are sep-
arated. Over all of China, warming, vegetation green-
ing, and increasing CO2 concentration account for
89%, 53%, and−18% of the increasing flash drought
frequency. Warming is more important than veget-
ation greening in intensifying flash droughts over
northeastern China, Inner Mongolia, southwestern
China, and Tibet. Increasing LAI accounts for 49%,
55% and 61% of the trends of flash drought fre-
quency, duration and intensity over northern China.
Increasing LAI induces larger deficits in soil mois-
ture over northern China than other regions, which
is consistent with the key role of vegetation green-
ing in intensifying flash droughts. The decrease in soil
moisture caused by warming is larger than greening
over northeastern China, thus the influence of warm-
ing on flash droughts is dominant. The CO2 physiolo-
gical effects are more consistent over China, that
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is, higher CO2 concentration results in wetter soils
and larger runoff and decreases in ET. However, the
compensatory effects of rising CO2 on flash droughts
are still lower than the intensification effects of warm-
ing and vegetation greening.

There are obvious signatures of warming, veget-
ation greening, and increasing atmospheric CO2

concentration over the globe (Li et al 2018, Zeng
et al 2018, Chen et al 2019a, IPCC 2021), and this
study investigates the relative role in the trends of
flash drought characteristics, which can also offer
guidelines to other regions around the world. The
response of flash droughts to warming and vegeta-
tion greening varies over China and is influenced by
the sensitivity of the hydrological cycle to different
factors. The larger influence of increasing temperat-
ure on flash drought duration and intensity implies
the key role of temperature during the propagation
of flash droughts. However, the above factors may
not fully explain the trends of flash drought char-
acteristics (<100%) or may over-explain the trends
(>100%). The over-explanation of warming, vegeta-
tion greening, and rising CO2 concentration for the
trend of flash droughts may be related to the covari-
ance among these factors, as LAI is also influenced
by temperature (Piao et al 2020). On the other hand,
here we only focus on the trend of temperature, while
the trends of other climate variables need to be invest-
igated in future studies.
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