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ARTICLE INFO ABSTRACT
Editor: Anastasia Paschalidou Flash droughts have gained considerable public attention due to the imminent threats they pose to food security,
ecological safety, and human health. Currently, there has been little research exploring the projected changes in
Keywords: flash droughts and their association with compound meteorological extremes (CMEs). In this study, we applied
Flash droughts the pentad-mean water deficit index to investigate the characteristics of flash droughts and their association with
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CMEs based on observational data and downscaled model simulations. Our analysis reveals an increasing trend in
flash drought frequency in China based on historical observations and model simulations. Specifically, the
proportion of flash drought frequency with a one-pentad onset time showed a consistent upward trend, with the
southern parts of China experiencing a high average proportion during the historical period. Furthermore, the
onset dates of the first (last) flash droughts during year are projected to shift earlier (later) in a warmer world.
Flash droughts become significantly more frequent in the future, with a growth rate approximately 1.3 times
higher in the high emission scenario than in the medium emission scenario. The frequency of flash droughts with
a one-pentad onset time also exhibits a significant upward trend, indicating that flash droughts will occur more
rapidly in the future. CMEs in southern regions of China were found to be more likely to trigger flash droughts in
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the historical period. The probability of CMEs triggering flash droughts is expected to increase with the
magnitude of warming, particularly in the far-future under the high emissions scenario.

1. Introduction

The Intergovernmental Panel on Climate Change for the recent Sixth
Assessment Report (IPCC AR6) highlights a global surface temperature
rise of approximately 1.09 °C during the period 2011-2020 compared to
1850-1900. Notably, land areas have experienced even greater warm-
ing, with temperatures rising by 1.59 °C, compared to 0.88 °C for oceans
(IPCC, 2021). This differential warming over land has significant im-
plications for the hydrological cycle, particularly in terms of precipita-
tion patterns. In a warmer world, precipitation variability will increase
disproportionately, resulting in uneven distribution and intensification
of hydroclimatic extremes (Swain et al., 2018). This can lead to the rapid
onset of droughts due to short-term precipitation deficits and severe
heatwaves, which ultimately have detrimental effects on crop produc-
tivity (Mohammadi et al., 2022; Svoboda et al., 2002; Xi and Yuan,
2022). In contrast to traditionally more common slow-evolving
droughts, flash droughts exhibit a rapid onset accompanied by the
swift depletion of water resources, causing substantial damage to eco-
systems (Otkin et al., 2018; Qing et al., 2022; Wang et al., 2023b). The
flash drought concept was initially proposed in the early 21st century
(Svoboda et al., 2002), but gained significant attention following severe
droughts in the U.S. during the summer of 2012 (Christian et al., 2021;
Ford and Labosier, 2017; Mo and Lettenmaier, 2015; Mukherjee and
Mishra, 2022; Otkin et al., 2016; Qing et al., 2022; Yuan et al., 2023).
Flash droughts exhibit an exceptionally rapid onset, with large areas
transitioning from drought-free conditions to severe drought within one
month (Basara et al., 2019; Otkin et al., 2013). The swift development of
these droughts poses challenges in utilizing operational forecasting
models to monitor their onset, leaving limited time for stakeholders to
implement appropriate measures to mitigate them and resulting in
extensive crop damage and economic losses. As a result, flash drought
studies have garnered considerable interest from the scientific commu-
nity, ranging from regional-scale (Li et al., 2020; Nguyen et al., 2021;
Zhang et al., 2021) to national-scale (Christian et al., 2019; Gong et al.,
2022; Nguyen et al., 2019; Noguera et al., 2020) and global-scale (Qing
et al., 2022; Sreeparvathy and Srinivas, 2022; Yuan et al., 2023) in-
vestigations. For example, Wang and Yuan (2021) indicated that
anthropogenic climate change has accelerated the onset speed and in-
tensity of droughts based on the case of a flash drought in southern
China in 2019. Mishra et al. (2021) pointed out that the risk of flash
droughts will increase significantly at the end of the 21st century due to
a marked increase in the frequency of concurrent hot and dry extremes
under anthropogenic warming scenarios.

Currently, the identification of flash droughts typically relies on in-
dicators related to soil moisture (dryness of the land surface) (Ford and
Labosier, 2017; Liu et al., 2020; Qing et al., 2022; Zhang et al., 2021), or
evaporation demand (atmospheric thirst) (Basara et al., 2019; Christian
et al., 2021; Nguyen et al., 2019). Soil moisture (SM) is the clearest
signal for identifying flash drought events (Ford and Labosier, 2017;
Osman et al., 2021), but SM observations are still relatively limited.
Many scholars have identified flash droughts based on SM data from
remote sensing, modeling, and reanalysis data (Liu et al., 2020; Mahto
and Mishra, 2023; O and Park, 2023; Qing et al., 2022; Yuan et al., 2019;
Zhang et al., 2021). However, remote sensing data generally provide SM
information for shallow soil layers (0-10 cm), and the short time periods
of remote sensing data can impact flash drought recognition. Addi-
tionally, individual model simulations of SM have inherent un-
certainties. A multi-model ensemble mean can reduce SM fluctuations
and improve flash drought identification accuracy (Zhang et al., 2021).
Some researchers have approached flash drought identification from the
perspective of atmospheric dryness, using indicators such as the ratio of

evapotranspiration (ET) to potential evapotranspiration (PET), referred
to as the evapotranspiration stress ratio (ESR) in model simulations and
reanalysis data (Christian et al., 2021; Nguyen et al., 2019; Otkin et al.,
2013). However, PET is often calculated using empirical equations,
which introduces variability between different equations. Furthermore,
the factors affecting ET are more complex than PET, leading to greater
uncertainty in ESR. Recently, scholars have explored flash droughts
from a simple water balance perspective, i.e., precipitation minus PET
(P — PET). This approach has gained popularity due to its simplicity,
fewer input variables, and ready access to high-quality data (Noguera
et al., 2020; Sreeparvathy and Srinivas, 2022; Zha et al., 2023). The
decline in P — PET usually precedes the intensification of a SM-based
drought, making it a valuable signal for early warnings of SM-derived
flash droughts (Allan, 2023; Ford and Labosier, 2017). By using P —
PET to identify so-called meteorological flash droughts (Sreeparvathy
and Srinivas, 2022; Zha et al., 2023), stakeholders can take appropriate
measures to mitigate their damage. However, it is necessary to consider
the accuracy of flash droughts in different schemes or datasets. There-
fore, assessing the characteristics of flash droughts using P — PET should
be based on multiple PET schemes or datasets. While SM-based flash
droughts will occur at an accelerated rate in a warming climate (Qing
et al., 2022; Yuan et al., 2023), it is not yet known whether this accel-
erated rate of onset is applicable to P — PET-derived flash droughts. In
this study, we analyzed the proportions of flash droughts with a one-
pentad onset time (i.e., “Case 4 events”) in observations and model
simulations during historical and future time periods.

Many studies have focused on flash drought characteristics during
crop-growing or warm seasons, given their high occurrence probability
and significant threat to crops (Gong et al., 2022; Koster et al., 2019; Liu
et al., 2020; Mishra et al., 2021; Mohammadi et al., 2022; Osman et al.,
2021). However, limited research has been conducted on flash drought
characteristics throughout the entire year (Sreeparvathy and Srinivas,
2022), particularly regarding the onset dates of the first and last flash
droughts. Investigating these onset dates is crucial, as climate warming
is expected to shift the timing of heatwaves and droughts earlier or later
in the year (Mo, 2011; Shi et al., 2021). Therefore, there is a clear
imperative to determine the characteristics of onset dates of the annual
first and last flash droughts, particularly under different future emis-
sions scenarios. Analyzing these onset dates will yield valuable insights
for a comprehensive understanding of flash drought characteristics and
how to effectively predict them.

Global climate models play an important role in studying hydro-
climatic extremes and their impacts (Chiang et al., 2018; Jiang et al.,
2015; Su et al., 2018; Zhang et al., 2016). The Coupled Model Inter-
comparison Project Phase 6 (CMIP6) has improved evaluations and
projections in various aspects of the climate, such as precipitation and
temperature averages and extremes (Fischer et al., 2021; Meng et al.,
2022; Zhu et al., 2021). CMIP6 combines the shared socioeconomic
pathway (SSP) and representative concentration pathway (RCP) to
provide realistic projections of future climate change (Eyring et al.,
2016; O'Neill et al., 2016). For example, the SSP245 scenario (i.e.,
moderate emission) is a combination of SSP2 and RCP4.5 scenarios;
SSP585 (high emission) is a combination of SSP5 and RCP8.5. Despite
the utility of CMIP6, its application in assessing and projecting flash
droughts is still very limited (Sreeparvathy and Srinivas, 2022; Yuan
et al., 2023). The coarse resolutions of the original CMIP6 models pre-
vent more fine-grained assessments or predictions of flash droughts at
regional or national scales. Previous studies using SM as an indicator
have shown that flash droughts can occur more rapidly under climate
warming (Qing et al., 2022; Yuan et al., 2023). However, it remains
unclear whether similar trends exist for P — PET-derived flash droughts.
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Therefore, we investigated the projected changes in P — PET-derived
flash droughts using downscaled CMIP6 model simulations under
different scenarios.

Flash droughts are typically the result of a combination of factors,
including heat, precipitation deficits, and strong evapotranspiration
leading to a rapid depletion of SM (Mishra et al., 2021; Qing et al.,
2022). These compound meteorological extremes (CMEs) can trigger the
occurrence of flash droughts and exacerbate their severity. For example,
extreme dry conditions caused by high temperatures and precipitation
deficits in southern China in August of 2019 resulted in flash droughts
(Wang and Yuan, 2021). Similarly, the likelihood of triggering a flash
drought is expected to increase across India due to the projected
amplification of compound hot and dry extremes in the future (Mishra
et al, 2021). While previous studies have primarily focused on
analyzing individual meteorological variables before, during, and after
flash droughts (Ford and Labosier, 2017; Li et al., 2020; Zhang et al.,
2021), the relationship between CMEs and flash droughts is not yet fully
understood. Therefore, we sought to determine the likelihood of CMEs
triggering flash droughts both in historical periods and under future
projected climate conditions in this study.

The main objectives of this study included analyzing the character-
istics of flash droughts and their relationship with CMEs in China based
on observations and 24 downscaled CMIP6 outputs. The specific goals
include: (1) analysis of the applicability of P — PET-derived flash
droughts based on multi-source datasets; (2) assessment of flash drought
characteristics in downscaled CMIP6 simulations, with special focus on
the most rapidly occurring category; (3) investigation of onset dates of
first and last flash droughts in a warmer world; and (4) exploration of the
relationships between flash droughts and CMEs. The outcomes of this
study may contribute to refinement of the definition of flash drought and
enhanced knowledge of the relationship between flash droughts and
CMEs. Ultimately, our findings may provide a foundation for prediction
and early warning systems for flash droughts, thereby supporting pro-
active measures to mitigate their effects.

2. Materials and methods
2.1. Data

Daily precipitation, maximum temperature (Tpax), minimum tem-
perature (Tpin), mean temperature, relative humidity (RH), and wind
speed spanning the period of 1981-2020 were gathered from approxi-
mately 2400 meteorological observations of the National Meteorolog-
ical Information Center of the China Meteorological Administration (htt
p://data.cma.cn/). To ensure data continuity and integrity, stations
with missing values exceeding 3 % of the total daily series within
1981-2020 were excluded. The missing values of the remaining data
were estimated using the nearest neighbor interpolation method based
on values for neighboring stations on the same day. Ultimately, 2301
meteorological stations across China were selected, with each station
providing multiple meteorological variables for 1981-2020.

The fifth-generation reanalysis dataset (ERAS5) was downloaded from
the European Centre for Medium-Range Weather Forecasts (Hersbach
et al., 2020), providing a comprehensive set of hydrometeorological
variables with high spatiotemporal resolution. It is an enhanced version
of ERA-Interim that was constructed using a 4D-Var assimilation
method, which combines multiple data sources with advanced physical
processes. ERAS has been widely utilized in hydrometeorological ex-
plorations (Di Napoli et al., 2021; Jiang et al., 2021a; Martius et al.,
2016; Zhang et al., 2019). For this study, hourly variables from ERA5
were aggregated and processed to derive daily information, ensuring
compatibility with our analysis. To align with the timespan of the ob-
servations, we utilized the ERAS reanalysis dataset to obtain precipita-
tion, PET, surface net solar radiation, surface net thermal radiation, and
SM data for 1981-2020. The SM data includes three layers (i.e., 0-7 cm,
7-28 cm, and 28-100 cm). We aggregated SM values of 0-28 cm and
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0-100 cm layers using different soil layer thickness weighting methods.

The Global Land Evaporation Amsterdam Model version 3.5a
(GLEAM3.5a), which incorporates satellite observations, reanalysis
data, and ground-based observations, is a widely used resource in
hydroclimatic research (Jiang et al., 2021b; Martens et al., 2017; Qing
et al., 2022; Yang et al., 2017). We used the PET and SM from GLEAM
3.5a during 1981-2020 for the purposes of this study. The SM infor-
mation in GLEAM3.5a was divided into two layers: the surface layer (i.
e., 0-10 cm) and root-zone layer. The depth of the root-zone layer varies
depending on the vegetation type, typically ranging from 10 to 100 cm
for low vegetation types and from 10 to 250 cm for tall vegetation. We
focused on a maximum soil depth of 100 cm, using the 10-100 cm
thickness of the root-zone layer from GLEAM3.5a as our representative
SM data. The 0-100 cm SM data from GLEAM3.5a was computed by
combining the weights of 0-10 cm (surface) and 10-100 cm (root-zone)
soil layer thicknesses. Additionally, the Chinese land surface hydrolog-
ical dataset (i.e., VIC-CNO05.1) provided surface (i.e., 0-10 cm) SM
during 1981-2015 (Miao and Wang, 2020).

The NASA Earth Exchange Global Daily Downscaled Projections
(NEX-GDDP) dataset has been widely utilized in historical assessments
and future projections for climate research across global and regional
scales (Lafferty et al., 2021; Raghavan et al., 2018; Zhang et al., 2019).
NEX-GDDP-CMIP6 was released as the latest version in 2022 and in-
cludes downscaled outputs from 35 models based on the original CMIP6
simulations (Thrasher et al., 2022): 1950-2014 for historical and
2015-2100 for future periods. The NEX-GDDP-CMIP6 dataset was
developed using the bias-correction and spatial-disaggregation (BCSD)
approach to uniformly downscale the original CMIP6 simulations to a
spatial resolution of 0.25° based on a global meteorological dataset of
assimilated observations and reanalysis information. NEX-GDDP-CMIP6
accurately reflects the characteristics of precipitation and temperature
(both averages and trends) in China (Zhang et al., 2023b). Detailed in-
formation and documentation regarding the NEX-GDDP-CMIP6 dataset
are available online at https://www.nccs.nasa.gov/services/data-
collections/land-based-products/nex-gddp-cmip6. To ensure consis-
tency in variables, scenarios, and timespans, 24 downscaled model
simulations (Table S1) were selected across China. The variables include
daily precipitation, Tmax, Tmin, RH, and wind speed from three experi-
mental categories: historical (1981-2014), SSP245 (2015-2100), and
SSP585 (2015-2100).

2.2. Estimation of PET

PET is difficult to monitor with instruments and is generally calcu-
lated by empirical equations. Commonly accepted Penman-Monteith
and Thornthwaite methods (Su et al., 2018; Trenberth et al., 2014;
Vicente-Serrano et al., 2010; Zhang et al., 2023b) were used in this study
to estimate daily PET. The Penman-Monteith equation recommended by
the Food and Agriculture Organization (FAO) was used to calculate daily
PET (Allen et al., 1998) as follows:

04080 Ae(R,—G)+ye:22 el,e (e, —e,)

T+273

A+ye(l+034el;)

PETpy = (€]

where PETpy is the PET (mmoday’l), A is the slope of the saturation
vapour pressure curve (kPao"C’l), R, is the net surface radiation
(MJom_zoday_l), G is the soil heat flux (MJom_zoday_l), y is the psy-
chrometric constant (kPao"C’l), T is the daily mean surface air tem-
perature (°C), U; is the daily mean wind speed at 2 m height (m/s), e; is
the saturation vapour pressure (kPa), and e, is the actual vapour pres-
sure (kPa). The variable A can be computed as follows:
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where T is calculated from the average daily Tpax and Tpi, recom-
mended by the FAO. R, is the difference between incoming and outgoing
radiation of both short and long wavelengths, which can be calculated
using the net thermal and solar radiation at the surface in ERA5. In
general, the soil heat flux (G) during a 10-day period is relatively slight
and can be ignored. y can be calculated as follows:

y = 0.00665 o P 3)

where P is the atmospheric pressure (kPa), which can be calculated as
follows:

4

293 — 0.0065 o 7\ >
P=1013e (T)

where z is the local elevation above sea level (m). The wind speed at the
Chinese weather station is defined as the wind speed at 10 m. The 2-m-
height wind speed values can be calculated as follows:

4.87

Vo= U ® 678 e —542)

()

where U, is the wind speed at 2 m (m/s), H is the height of the
anemometer instrument placed above the ground (H = 10 m), and Uy, is
the wind speed value at 10 m (m/s) from the meteorological station. The
numerical relationship between saturation vapour pressure and air
temperature is:

(6)

1727 T
&(T) = 0.6108 o exp< ° )

T+237.3

where €°(T) is the saturation vapour pressure (kPa) at an air temperature
of T (°C). FAO recommends the following formula to calculate the
saturation vapour pressure (e;):

eO (Tmax) + eO (Tm[n)

> )

e, =
where e, is the average of the saturation vapour pressure at the daily
Tmax and Tpin. The actual vapour pressure (e,) can be computed as:

RH
100

e, =e5® (3
where RH denotes the relative humidity (0—100).

The Thornthwaite method uses temperature and latitude data to
estimate PET, and is relatively simple to compute as it has few input
variables (Thornthwaite, 1948). In this study, the modified
Thornthwaite method (Pereira and Pruitt, 2004) was used to calculate
daily PET:

Ce ( 41585+ 3224 ¢ T, — 043 » ij) T, >26°C

10.Tef “

PETy; = 16eCe <—1 ) 0°C < Ty < 26°C ©®

0,T, <0°C

where T, is daily effective temperature. When T, is daily average
temperature, the calculated PET is denoted as TH. T, can also be derived
as follows:

Tef =0.5eke (3 ® Tax — Tmin) (10)

where k is calibration coefficient, which is commonly set to 0.65, 0.69,
or 0.72 (Chang et al., 2019; Pereira and Pruitt, 2004; Trajkovic et al.,
2019). The PET derived from these three values are denoted as TH65,
TH69, and TH72 in this study. I is the thermal index, which reflects the
local normal climate temperature regime:
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where T, is the monthly average temperature (°C; if negative, 0 is used).
The exponent a is a function of I:

a=675x10"7 P =771 x107° e >4+ 1.7912 x 1072 o I +0.49239
12)

A conversion factor C is required to convert the PET from monthly
scale to daily scale. C = N/360, where N is the photoperiod (h) for a
given day, which is calculated using latitude and Julian day information
as follows:

. 2rm
8(J) = 0.400 o sin (% o 1.39) (13)
w;(J) = arcos| — tan(0) e tan(5) ] 14
N() = 2—; «o,(J) as)

where § is the declination angle (radians), J is the Julian day in the year,
w;s is the sunset angle (radians), 6 is the latitude (radians), and N is the
daily daylight hours.

2.3. Flash drought definition

The 40th percentile of drought-related variables (e.g., SM and ESR)
was used as the critical threshold for dryness characteristics (Christian
et al., 2021; Ford and Labosier, 2017). We processed all daily hydro-
climatic variables into pentad-mean (5-day average) series. There are 73
pentads in a year (excluding February 29 in leap years). The flash
drought onset was defined as a decline in pentad-mean SM or ESR from
>40 % to <20 % within 4-6 pentads, which is a key criterion employed
in previous studies (Christian et al., 2021; Ford and Labosier, 2017;
Yuan et al., 2023; Zhang et al., 2021). Accordingly, we used the pentad-
mean water deficit index (PWD=P-PET) as the base variable for iden-
tifying flash droughts. Flash droughts can occur in any season
throughout the year in China, so we investigated the flash drought
characteristics based on pentad-mean PWD in both historical and future
periods.

We classified flash droughts into four specific cases (scenarios) for
analysis (Supplementary Materials, Fig. S1).

PWD (tyr;) > 40™ percentile
20" percentile < PWD (tl_z) < 40" percentile e)
PWD (t3 ,,) < 20" percentile,6 < n < 18

Case | =

PWD (tpm) > 40™ percentile

Case 2 = { 20™ percentile < PWD(t;) < 40™ percentile a7

PWD (tprel) > 40" percentile
PWD(t;) < 20™ percentile

Case 3 = 20™ percentile < PWD(t,) < 40™ percentile

18

PWD (tpm) > 40" percentile

Case 4 = { (19)

where PWD(t,r,;) indicates the PWD before one pentad of flash drought
onset. The rate of intensification (RI) for PWD is denoted as the current
pentad value minus the previous pentad value. The RI3 value (i.e., the
average of three change values generated in ty; to t3) of the first four-
pentad PWD was utilized to monitor flash drought onset. The variables t;
and t, indicate the start and end dates of flash droughts, respectively.
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The four cases (scenarios) in this study have the following characteris-
tics: (1) the PWD percentile decreases from >40th percentile (tpre1) to
<20th percentile within a four-pentad period; (2) the RI3 is not less than
the 6.6th percentile; (3) the duration of a drought (PWD < 20th
percentile) is at least four pentads (one pentad more than the duration of
drought identified by SM, which can cause substantial impacts); (4) the
minimum duration of a flash drought is five pentads and the maximum
duration is 18 pentads to distinguish it from a longer-term drought. The
flash drought is considered to end when PWD increases to above the
20th percentile. It is generally characterized by an increasing onset
speed from Case 1 to Case 4 of flash droughts.

2.4. Compound meteorological extremes

CMEs were defined here by the simultaneous occurrence of extreme
conditions in two or more variables at the same pentad and location. The
extreme threshold for CMEs was set as the 90th percentile based on long-
term pentad series (observations for 1981-2020 and model simulations
for 1981-2014). Four types of CME were identified: compound high
temperature and atmospheric drying events (Tpax > 90th percentile and
VPD > 90th percentile, termed compound Tpax & VPD events), com-
pound high temperature and strong winds (Tpax > 90th percentile and
Wind >90th percentile, termed compound Tp,x & Wind events), com-
pound atmospheric drying events and strong winds (VPD > 90th
percentile and Wind >90th percentile, termed compound VPD & Wind
events), and compound high temperature, atmospheric drying events,
and strong winds (Tmax >90th percentile, VPD > 90th percentile, and
Wind >90th percentile, termed compound Tp,ax & VPD & Wind events).
The presence of CMEs during a flash drought suggests the probability of
CMEs inducing the flash drought. The relationship between CMEs and
flash droughts is quantified here as the proportion (P,) of the number of
CME:s occurring during flash droughts to the total number of CMEs:

Py =T 100% 20)

CE

where P, denotes the proportion, N¢g is the number (pentads) of a
certain type of CME occurring during a flash drought, and T¢; is the total
number (pentads) of such CME.

2.5. Standardized anomaly

Standardized meteorological and SM variables (e.g., PET, VPD, and
SM) were utilized to reflect drought stress signals. The standardized
anomaly can be calculated as follows (O and Park, 2023):

A;j :7'10 J 21

where A;; denotes the X anomaly in the pentad j of year i, X; refers to the
mean X value in the pentad j during 1981-2020, and o; is the standard
deviation of X in the pentad j from 1981 to 2020.

3. Results
3.1. Historical variations of flash droughts

The Thornthwaite method with an effective temperature parameter
of 0.69 (TH69) provides PET results more comparable to those obtained
by the Penman-Monteith (PM) equation (Supplementary Materials,
Fig. S2). This alignment translates to a more consistent frequency of
flash droughts for both types of PET methods (Supplementary Materials,
Figs. S3 and S4). Therefore, we applied 24 NEX-GDDP-CMIP6 model
simulations to evaluate flash droughts using TH69 PET and
precipitation.

P — PET was a key variable for calculating flash droughts in this
study. Accordingly, we evaluated the characteristics of historical
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(1981-2014) P — PET from NEX-GDDP-CMIP6 data to predict future
changes in flash droughts. The spatial distributions of P — PET in the
observation data (Fig. 1a) and the multi-model ensemble mean (MME)
(Fig. 1b) were basically consistent, with the annual mean P — PET values
decreasing from >600 mm in southeastern parts of China to < —600 mm
in northwestern parts of China. This also suggests that southeastern
parts of China are characterized by a distinctly humid climate, whereas
northwestern parts of China are characterized by a distinctly dry
climate. To assess the models' ability to simulate the temporal features of
P — PET trends, we compared the model-simulated P — PET trends for
the historical period with the observations. Using the 10th-90th
percentile range of observational station or model grid data, we assessed
how accurately the models reflect the P — PET trends. As depicted in
Fig. 1c, our observations revealed more pronounced drying trends of P
— PET than wetting trends (about —76 to 17 mm/decade) due to
regional variations in precipitation and evapotranspiration across re-
gions. With the exception of the EC-Earth3 model, which exhibited a
clear wetting trend, the other model simulations showed trend values
falling roughly within the 10th-90th percentile of the observations. The
10th-90th percentile range of MME P-PET trends was about —42 to 17
mm/decade, which was smaller than the range of observed values.
Overall, the NEX-GDDP-CMIP6 models effectively reflect the spatial and
long-term trend characteristics of P — PET, suggesting a high degree of
reliability in characterizing future flash droughts.

We considered observed flash droughts identified via station-
observed precipitation and the seven PET methods as benchmarks (ob-
servations). Flash droughts identified using each model's precipitation
and TH69 PET method were considered as model simulations. The
spatial patterns of the observations and MME were broadly consistent
(Fig. 2a-b), with higher flash drought frequencies in the northern and
southern parts of China. The MME slightly exceeded the observed
values, as exemplified in Jiangxi Province where the mean frequency
was 5 events/decade in the observations and 6 events/decade in the
model simulations. Generally, the absolute differences in frequencies
were within a range of —1 to 2 events/decade (Fig. 2c). This suggests
that MME reasonably reflects the spatial frequencies of flash droughts.
Regarding the proportion of Case 4 (i.e., one-pentad onset time) flash
droughts, the spatial patterns of the multi-observation and multi-model
ensemble means were similar (Fig. 2d-e), with the overall proportion
values decreasing from >65 % in the south to <40 % in the north. This
indicated a higher rapidity of flash droughts in southern China, allowing
less time for effective response measures. Case 4 proportions of the MME
were slightly lower than those of the multi-observation ensemble mean.
The absolute differences in Case 4 proportions for MME in most regions
fell within —20 % to 10 % (Fig. 2f).

The observations clearly indicated an upward trend in flash drought
frequency across China, with an average trend of 0.029 events/decade
(Fig. 3a). The MME also exhibited a clear increasing trend, with an
average trend of 0.019 events/decade (Fig. 3b), though this increase was
smaller than the observed value. The proportion of Case 4 flash droughts
also showed a clear upward trend, with average increases of 1.768
%/decade (Fig. 3c) and 0.504 %/decade (Fig. 3d) for the multi-
observation and multi-model ensemble means, respectively. Annual
total frequency changes in flash droughts identified by the seven PET
methods were relatively consistent, as were the annual proportions of
Case 4 frequency. However, the MME slightly underestimated the trend
values for frequencies and Case 4 proportions of flash droughts in the
historical periods. Overall, a clear upward trend in flash drought fre-
quency across China identified in both observations and simulations,
accompanied by a pronounced upward trend in the proportion of Case 4
events. A severe flash drought event occurred in southern China in
August 2019 with extreme speed and intensity due to a strong cyclonic
anomaly over northwestern parts of the Pacific and a persistent local
geopotential height anomaly (Wang and Yuan, 2021). This drought
devastated millions of hectares of crops, resulting in serious economic
losses (Chen et al., 2023a; Jiang et al., 2022).
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Fig. 1. Spatial patterns of annual mean P — PET in the historical period based on (a) observation (stations) and (b) 24 model-ensemble mean (MME) of NEX-GDDP-
CMIP6. (c) The 10th-90th percentile range of historical P — PET trends in China is based on observations (grey band) and each model simulations (historical period:
1981-2014). PET calculations are based on the TH69 method in both observational and model data.

3.2. Flash drought onset date characteristics

We explored changes in occurrence dates of flash droughts, focusing
on the onset date difference (expressed in pentads of the year) for the
first (last) flash droughts. The onset date difference was calculated as the
latter period of the first (last) flash drought minus the earlier period of
the first (last) drought, serving as an early (delayed) signal for flash
drought. As shown in Fig. 4, negative onset date differences indicate an
earlier occurrence of flash droughts in the latter period compared to the
earlier period. Conversely, a positive difference indicates a delayed
onset. In the latter period (2001—-2020) of historical observations, the
first flash drought event occurred earlier at approximately 50-60 % of
the stations compared to the previous period (1981-2000) across China
(Fig. 4a). This suggests that in a warming world, the occurrence date of
the first flash drought event will be earlier, particularly in the north-
eastern and Yangtze-Huai River regions (Supplementary Materials,
Fig. S5). The spatial date differences of the first flash drought event in
the model simulations were generally consistent with the observations
(Supplementary Materials, Fig. S6). Over half of the area exhibited a
negative date difference in the model simulations, indicating an earlier
occurrence of the first annual flash drought event in the latter period
compared to the earlier period. As shown in Fig. 4b, the last flash
drought event occurred later at about 50-60 % of the stations during
2001-2020 compared to 1981-2000. This suggests that under global
warming, there is an increased likelihood of a delay in the date of the last

flash drought event, particularly in the northeastern and southern parts
of China (Supplementary Materials, Figs. S7 and S8). The MME
reasonably reflected the date difference of the first and last flash drought
events in the historical period.

Under the SSP245 scenario, approximately 50-60 % of grids showed
an earlier date for the first flash drought event during 2032-2065
compared to 1981-2014 (Fig. 4c), while about 60-70 % of grids showed
an earlier date for the first flash drought event during 2066-2099
compared to 1981-2014. This suggests a significant increase in the
number of regions experiencing an earlier first flash drought event in the
mid to late 21st century. Similarly, about 55-65 % of grids exhibited a
later date for the last flash drought event during 2032-2065 compared
to 1981-2014 under the SSP245 scenario (Fig. 4d), while about 65-75 %
of grids showed a later date for the last flash drought event during
2066-2099 compared to 1981-2014. This indicated a notable increase
in the regions with a delayed last flash drought event during the mid to
late 21st century. The date difference proportions were more pro-
nounced under SSP585 than SSP245 scenarios (Fig. 4e—f). For example,
under the SSP585 scenario, as much as 75-85 % of grids exhibited
earlier dates for first flash drought events while 80-85 % of grids showed
later dates for last flash drought events during 2066-2099 compared to
1981-2014. The spatial date differences in model simulations further
support the notion that the first flash drought event of the year will occur
earlier and the last flash drought event will occur later for the vast
majority of China during the mid to late 21st century under high-
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Fig. 2. Spatial distributions of flash drought frequencies based on (a) observations (seven PET methods) during 1981-2020, (b) 24 model-ensemble mean (TH69 PET
method) of NEX-GDDP-CMIP6 during 1981-2014, and (c) their absolute differences (simulations minus observations). (d-f) The same as Fig. 2a—c, but for the mean

proportion of Case 4 events to all events in the historical period.

emission scenarios (Supplementary Materials, Figs. S9 and S10). Over-
all, flash droughts will have an extended range of onset dates within the
year due to an increase in the frequency of flash droughts under global
warming. The magnitude of this effect increases with higher levels of
warming, leading to more pronounced shifts in the timing of the first and
last flash drought events.

3.3. Future changes of flash droughts

We further investigated changes in flash droughts under the two
future scenarios. Flash drought frequencies in China exhibited signifi-
cant upward trends during 2015-2100 under both SSP scenarios
(Fig. 5a), with trends of 0.029 events/decade under SSP245 and 0.067
events/decade under SSP585. The increase rate of flash drought fre-
quency under SSP585 scenario was about 1.3 times higher than that
under SSP245. Similarly, the proportions of Case 4 flash drought events
to the total events also showed significant upward trends during
2015-2100 (Fig. 5b), with increase rates of 0.691 %/decade under
SSP245 and 1.287 %/decade under SSP585. We abstracted three
equivalent time periods to analyze future flash drought changes: his-
torical reference period (1981-2014), near-future period (2032-2065),
and far-future period (2066-2099). The future change is expressed here
as the difference between the near/far future frequency (events) and the
historical frequency, then divided by the historical frequency. The in-
crements of flash drought frequencies in China during 2032-2065 and
2066-2099, compared to 1981-2014, were 39.38 % (Fig. 5¢) and 66.24
% (Fig. 5d), respectively, with regions experiencing the largest in-
crements primarily located in the central regions of China. The pro-
portion increments of Case 4 flash droughts in China during 2032-2065
and 2066-2099, compared to 1981-2014, were 63.86 % (Fig. 5e) and
100.62 % (Fig. 5f), respectively, with regions showing significant in-
crements also concentrated in central China. The spatial patterns of
frequency increments in flash droughts were similar in SSP585
compared to SSP245, but with larger increase values of 43.99 % (Fig. 5g)
during 2032-2065 and 115.5 % (Fig. 5h) during 2066-2099. The spatial
characteristics of proportion increments in Case 4 flash droughts under

SSP585 were also similar to those under SSP245, with larger increase
values of 73.93 % (Fig. 5i) during 2032-2065 and 184.74 % (Fig. 5j)
during 2066-2099.

In general, the frequency increments of flash droughts were more
pronounced during 2066-2099 compared to 2032-2065, relative to
1981-2014 under both SSP scenarios. The highest increments were
found in central parts of China, reaching up to approximately 150 %.
Taking the spatial frequency changes of flash droughts during
2066-2099 under the SSP585 scenario as an example, we found that
most models were able to simulate the spatial frequencies of significant
increases in future flash droughts compared to historical period (Fig. 6),
particularly in the central parts of China. The spatial proportion in-
creases of Case 4 flash droughts under both SSP scenarios were similar to
those of the total frequency, but with further increases. Overall, future
flash drought frequencies show clear increasing trends and the rapidity
of these events appear to intensify over time. The magnitude of the in-
crease also grows more pronounced with higher levels of warming.

3.4. Associations between flash droughts and CMEs

We investigated the temporal evolutions of meteorological and SM
variables to more clearly understand the mechanisms of flash droughts.
Strong below-normal water quantity (P, PWD, and SM) and above-
normal evapotranspiration capacity (PET, Tmpax, and VPD) were
observed during flash droughts (Fig. 7). PWD fell rapidly about 1-2
pentads and 2-3 pentads ahead of surface and root-zone SM. PWD
decreased slightly more rapidly and its negative peak was more pro-
nounced compared to SM. Positive evapotranspiration capacity was
maintained for about 7 pentads, allowing the PWD below the 20th
percentile to be maintained for about 7 pentads (i.e., the duration of a
flash drought). The average durations of flash droughts were calculated
by dividing the total durations by the total frequencies. The average
duration of a flash drought was around 6-6.6 pentads in the observa-
tions, while the uncertainty range of MME was slightly larger than the
observations, with durations of around 6.4-7.3 pentads in the historical
period (Fig. 8). Although the MME slightly overestimated flash drought
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Fig. 3. Annual frequencies of flash droughts based on (a) observations (seven PET methods) during 1981-2020 and (b) 24 model-ensemble mean (TH69 PET
method) of NEX-GDDP-CMIP6 during 1981-2014. (c-d) The same as Figs. 2a-b, but for mean proportion of Case 4 events to all events in historical period.

duration by about 0.5 pentads, the model simulations reasonably re-
flected flash drought duration on the whole.

High evapotranspiration capacity corresponds to low PWD during
flash droughts. We applied different combinations of the three variables
(Tmax,» VPD, and Wind) representing evapotranspiration capacity to
investigate the probability of evapotranspiration-related CMEs during
flash droughts, which was used to represent the impact of CMEs on flash
droughts. As shown in Fig. 9, high proportions of the four types of CMEs
were predominantly located in the southern parts of China, including
Jiangxi, Hunan, and Yunnan provinces. This suggests that CMEs in
southern China are prone to inducing flash droughts. The spatial pro-
portions of MME aligned closely with observations, suggesting that
models reflected proportion patterns of flash droughts induced by CMEs
and offered reliable insights into future proportion changes.

To further quantify the proportion patterns of the four types of CMEs
that induce flash droughts, we investigated their proportions during
flash droughts on the valid stations/grids with threshold values of 1 %,
10 %, and 20 %. As the proportion threshold increased, the probability
of CME-induced flash drought events became more pronounced
(Fig. 10). For instance, when the proportion threshold of CMEs during
flash droughts exceeded 20 %, the proportions of flash droughts induced
by compound Tpax & VPD & Wind events (around 35 % in observations
and 31 % in MME) were significantly higher than those induced by other
CMEs. The model-simulated proportions of flash droughts induced by
CMEs generally aligned with the observations, although the MME
slightly underestimated the proportion. Overall, compound Tp,ax & VPD
& Wind events exhibit a high propensity for triggering flash droughts.

The probabilities (proportions) of CMEs triggering flash droughts
appear to increase in the future (Fig. 11). The largest increases are ex-
pected in the proportions of compound Tpax & VPD events. Under the
SSP245 scenario, the median increments of proportions of compound
Tmax & VPD events during flash droughts for the near- and far-future
were found to be 11.3 % and 10.8 %, respectively. Under the SSP585
scenario, the median increments of proportions of compound Tpax &
VPD events during flash droughts for the near- and far-future are 14.7 %
and 25.1 %, respectively. These substantial increases in the far-future
proportions of flash droughts induced by CMEs are particularly
intense under high emission scenarios, such as the SSP585 scenario for
2066-2099. These findings suggest that the likelihood of CMEs trig-
gering flash droughts will become greater as the magnitude of warming
increases. The proportional increases in compound Ty, & VPD events
are much larger than those of other compound events, which suggests
that the simultaneous occurrence of high temperatures and atmospheric
dryness will increase the probability of flash droughts in the future.

4. Discussion

Differences in PET results can arise from the use of different methods
or datasets. Our findings align with previously publications (Chang
et al., 2019; Trajkovic et al., 2019), showing that PET estimated by the
TH65 and TH69 methods closely approximates PM-based results in
China. These methods provide an effective alternative for estimating
short-term PET, as they require fewer variables compared to PM
methods. Notably, indicators such as VPD and PWD exhibit stronger
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Fig. 4. Proportional characteristics of onset date differences in flash drought events across China. (a) Onset dates (1-73 pentads per year) of the first flash drought
event between later and earlier periods in observations (model simulations) during the historical period, (b) the same as Fig. 4a, but for the last flash drought event.
(c) Onset date difference in the first flash drought event between 2032-2065 (2066-2099) under the SSP245 scenario and 1981-2014, (d) the same as Fig. 4c, but for
the last flash drought event. (e) Onset date difference in the first flash drought event between 2032-2065 (2066-2099) under the SSP585 scenario and 1981-2014, (f)
the same as Fig. 4e, but for the last flash drought event. The MME in the historical period is based on the TH69 PET method, which denotes the onset date difference
of the first flash drought event during 1998-2014 and 1981-1997. The OBS in the historical period is the observed value based on averages of the seven PET methods
for the date of the first flash drought event during 2001-2020 minus the date of 1981-2000. N denotes a negative value, indicating that the onset date of the flash
drought event will be earlier in the later period than in the earlier period. P denotes a positive value, where the onset date of the flash drought event will be later in
the later period than in the earlier period. Z denotes a zero value, where there is no change in the onset date of the flash drought event between the later and

earlier periods.

associations with flash droughts than temperature and precipitation
(Ford and Labosier, 2017; Qing et al., 2022). Consequently, spatial
distributions of flash droughts identified using PWD may be similar to
those identified using the ESR method (Christian et al., 2021), both of
which are based on meteorological perspectives. To assess PWD-derived
flash droughts, we evaluated satellite data, reanalysis data, and model
simulations of SM. The PWD-derived flash droughts in this study were
primarily based on a meteorological perspective and can be referred to
as “meteorological flash droughts”. SM is the critical hydroclimatic
variable that directly determines the severity and effects of flash
droughts, such as vegetation stress (O and Park, 2023; Yuan et al., 2019).
While PWD indirectly affects SM through its influence on precipitation
and PET, examining SM directly provides useful insights into the extent
of land-surface desiccation associated with PWD-derived flash droughts.
As shown in Fig. 12, the average surface SM percentiles during the last
three pentads of PWD-derived flash droughts were depleted to below 20
%, with even lower values (< 10 %) in southern areas. The average RI

decline in surface SM was generally >5 %/pentad, reaching as high as
15 %/pentad in eastern regions. The surface SM exhibited a lag time of
1-2 pentads behind PWD, indicating a relatively faster response of
surface SM to PWD. As shown in Fig. 13, the average percentiles of root-
zone SM (0-100 cm) during the last three pentads of PWD-derived flash
droughts were generally higher than the surface SM percentiles. Root-
zone SM percentiles dropped below 20 % in most areas, especially in
certain southern parts of China (generally below 15 %). The rate of
decline in root-zone SM reached 5 %/pentad and was especially intense
in the Yangtze River basin (around 10 %/pentad). The lag time of root-
zone SM was longer than that of surface SM and was longer in the south
than the north. This disparity may be attributable to the abundance of
water resources in southern China. In these areas, precipitation deficits
and strong evapotranspiration need to persist for a longer duration
before the root-zone SM reaches a dry state. Notably, the PWD-derived
flash drought signal exhibited greater prominence in surface SM than
root-zone SM, indicating that deep SM has a stronger memory than near-
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SSP585 scenario.

surface meteorological variables, resulting in a slower development of
drought conditions. Overall, the PWD-derived flash droughts can
effectively capture the sharp intensification of drought conditions
leading to depleted SM and associated drought effects.

Additionally, the standardized precipitation evapotranspiration
index (SPEI) reflects atmospheric evaporative demand and can be used
to identify flash droughts on short timescales, typically less than one
month. This can provide for early warning signals of SM-derived flash
droughts (Noguera et al., 2020; Tian et al., 2020). We calculated SPEI
using the difference between observed precipitation and PM PET
(pentad PWD) to further evaluate the suitability of PWD in identifying
flash droughts. When setting the PWD to the 20th percentile, the average
SPEI value in China was —0.8 (Fig. 14a), indicating moderate drought
conditions. When PWD was set to the 40th percentile, the average SPEI
value in China was —0.2 (Fig. 14b), indicating aridification tendencies.
To establish a correspondence between PWD-derived and SPEI-derived
flash droughts, we replaced the important PWD threshold values of
the 40th and 20th percentiles with —0.2 and —0.8, respectively, for
SPEI-derived flash droughts. There were more SPEI-derived flash
droughts in the northern, southeastern, and southwestern parts of China
(Fig. 14c), reaching a frequency of 5 events/decade. This pattern can be
attributed to the lower SPEI values (below —0.8) in the north at the 20th
PWD percentile threshold, leading to more lenient conditions for iden-
tifying flash droughts and resulting in a higher frequency. Case 4 flash
droughts accounted for 70 % of the events in the southern parts of China
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(Fig. 14d). We found that the spatial frequency patterns identified by
these two methods were largely similar, although the SPEI-derived flash
droughts in northern China were significantly higher than that of PWD-
derived flash droughts. This divergence may be attributable to the
suitability of SPEI in different climatic areas. The wide expanse of semi-
arid and arid areas in northern China may have led to unrealistic SPEI
values, as PWD may not conform to the logistic distribution (Vicente-
Serrano et al., 2010).

The observations revealed hotspot areas of PWD-derived flash
droughts in northern, southwestern, and southeastern parts of China.
These spatial characteristics were consistent with ESR-based flash
drought studies (Christian et al., 2021; Gong et al., 2022), likely because
both ESR and PWD capture atmospheric evaporation demand signals.
The southern parts of China exhibited faster onset speeds of flash
droughts, as indicated by higher proportions of Case 4 flash droughts (i.
e., one-pentad onset time) in this study. This finding aligns with previous
research by Yuan et al. (2023), who suggested that relatively wet areas
capable of experiencing large precipitation deficits and evapotranspi-
ration can accelerate SM desiccation, leading to more flash droughts. We
found an evident upward trend in the proportion of Case 4 flash
droughts, which aligns with a previous analysis based on the onset
speeds of SM-derived flash droughts (Qing et al., 2022). PWD-derived
flash drought frequencies showed significant upward trends under
both future SSP scenarios, which align closely with the meteorological
characteristics of flash droughts identified by 12 global climate models
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Fig. 6. Spatial frequency changes in flash droughts based on model simulations during 2066-2099 under SSP585 scenarios compared to 1981-2014 (historical

reference period).

(Sreeparvathy and Srinivas, 2022). Similarly, in India, the frequency of
SM-derived (0-60 cm) flash droughts is projected to increase due to the
interseasonal variability of summer monsoon precipitation and anthro-
pogenic warming (Mishra et al., 2021). The proportions of Case 4 flash
droughts show significant upward trends in both future scenarios, sug-
gesting that future flash droughts will come on faster. This result is
consistent with previous findings regarding SM-derived flash droughts
(Yuan et al., 2023), which may be attributed to amplified evapotrans-
piration anomalies and precipitation deficits. The spatial characteristics
of the Case 4 flash droughts are similar to those of overall flash drought
frequency in the future, with Case 4 events increasing more rapidly,
particularly in central and northern regions of China. This indicates a
growing contribution of flash droughts occurring within one-pentad
time to the total flash droughts.

The lengths of the annual four seasons in China have changed
significantly due to global warming. Spring and summer now begin
significantly earlier, while autumn and winter are significantly delayed
(Chen et al., 2023b). These changes have impacted the annual occur-
rence dates of heat-related extreme events such as droughts and heat-
waves (Mo, 2011; Shi et al., 2021). Urbanization may accelerate the
onset of heat waves (Luo and Lau, 2017), potentially influencing the
onset dates of flash droughts. Flash droughts tend to occur in the sum-
mer due to precipitation deficits and sudden increases in evapotranspi-
ration capacity, which can have drastic economic effects. For example, a
flash drought event in Russia during the summer of 2010 led to a decline
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in wheat yields of >70 % in top wheat-producing oblasts, which led to a
large drop in global wheat stocks and a rapid increase in wheat prices
across the globe (Hunt et al., 2021). Flash droughts can also trigger other
natural disasters, such as forest fires and air pollution. If a flash drought
occurs in early spring, it can affect crop planting and lead to crop failure
(Haslinger and Mayer, 2023). Severe spring droughts negatively affect
the radial growth of forest trees, reducing crown density and the for-
mation of female cones (Thabeet et al., 2009). A flash drought occurring
in late autumn makes the area susceptible to winter droughts, which
affect the wood structure of forests and can easily lead to xylem embo-
lism (Camarero et al., 2016). A flash drought in late autumn may also
evolve into a winter-spring drought, delaying the start of the vegetation
growing season. Zhang et al. (2023a) utilized reanalysis data SM during
1981-2021 to conclude that the frequencies and durations of flash
droughts have intensified in China during the spring and autumn
months. The timing of the onset of flash drought plays an important role
in crops, ecosystems, and socio-economics (Hunt et al., 2021). Presently,
there is limited research on such timing of flash droughts onset dates in
terms of both observational and downscaled model simulations. In this
study, we found that the onset date of the first PWD-derived flash
drought will likely occur earlier under global warming, while the onset
date of the last flash drought may come later, particularly under high-
emissions scenarios in the far-future.

The frequency of heat-related compound events is increasing under
climate warming, further elevating the likelihood of flash droughts,
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particularly in the far-future under SSP585 (Mishra et al., 2021; Ridder
et al., 2020; Yin et al., 2023; Yu and Zhai, 2020; Zhang et al., 2020b;
Zhou et al, 2019). High temperatures and precipitation deficits
contribute to elevated VPD, which intensifies atmospheric dryness and
accelerates SM depletion, ultimately leading to flash droughts (Christian
et al., 2021; Qing et al., 2022; Zhang et al., 2017). VPD plays an
important role in the rapid onset of droughts (Qing et al., 2022), making
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it a key factor in flash drought development. Therefore, CMEs involving
VPD (e.g., compound Tpax & VPD & Wind events) have a high proba-
bility of triggering flash droughts (Supplementary Materials, Fig. S11).
Land-atmosphere coupling, influenced by prolonged SM deficits tran-
sitioning from latent heat to sensible heat, can intensify surface warming
and induce anomalous anticyclonic circulation patterns, thus amplifying
heatwaves and exacerbating soil dryness (Zhang et al., 2020a), thereby
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increasing the severity of flash droughts. Flash droughts, due to their
coincidence with dryness-related CMEs, have a more pronounced
impact on agricultural activities and ecological safety than single-type
droughts (Mahto and Mishra, 2023; Mohammadi et al., 2022). Future
warming will increase the risk of compound drought and heatwave
events (Tripathy et al., 2023). The probability of such compound ex-
tremes (i.e., the compound Tp,,x & VPD events described in this study)
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triggering flash droughts will increase in the future as well, although
there are differences in the spatial proportion changes among the models
in the far-future under SSP585 scenario (Fig. 15). The spatial proportion
changes of compound Tp,x & VPD events in far-future under SSP585
scenario are better able to account for overall changes in far-future flash
droughts under SSP585 scenario. During crop-growing seasons, flash
droughts are typically triggered by compound hot and dry conditions
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leading to a sharp decline in SM (Mishra et al., 2021; Qing et al., 2022).
Low SM may also contribute to compound hot and dry extremes and
other dryness-related CMEs through strong land-atmosphere in-
teractions, thereby amplifying the severity of extreme events (Hao et al.,
2022; Zhang et al., 2020a; Zhou et al., 2019; Zscheischler et al., 2020).
Flash droughts in Russia in June of 2010 were followed by compound
heatwaves and atmospheric drying events during the subsequent
drought phase, illustrating the interconnectedness of these phenomena
through land-atmosphere interactions (Christian et al., 2020). Future
research could explore the feedback of flash droughts on CMEs in terms
of land-atmosphere effects in high-resolution observations and model
simulations.

The spatial patterns and long-term trends of flash droughts identified
from atmospheric evaporation demand and SM perspectives may differ
due to the inherent characteristics of meteorological and subsurface
variables. To construct comprehensive flash drought indicators, it may
be effective to integrate atmospheric evaporation demand, SM, and even
vegetation indices (e.g., chlorophyll fluorescence, leaf area index, and
vegetation health index) (Mohammadi et al., 2022; Sun et al., 2022;
Wang et al., 2023a). SM-derived (root-zone) flash droughts are not
increasing in many areas worldwide, but have intensified at a faster rate
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in recent decades (Qing et al., 2022). This phenomenon contrasts with
the increasing trend in the frequency of flash droughts in our study. The
disparity may be attributable to the differences in methodology for
defining the percentiles of SM and PWD. Mukherjee and Mishra (2022)
pointed out that differences in the features identified by different flash
drought methods and data sources, i.e., the uncertainties of flash
droughts are driven by the choice of methodology and differences in
input data. Although there is relative consistency in the characteristics
of historical flash drought based on the observations, satellite remote
sensing, and reanalysis data in this study, the variability of model sim-
ulations may have created inconsistencies in the identified flash
droughts, especially under different future emission scenarios. Although
the NEX-GDDP-CMIP6 datasets were generated by the latest global
meteorological forcing dataset (integration of reanalysis data and ob-
servations) and BCSD downscaling method, the downscaled values
corresponding to extreme events in some areas may have been under-
estimated due to the translation of the data from low to high spatial
resolution (Thrasher et al., 2022; Zhang et al., 2023b). These errors in
extreme values have the potential to be magnified in the future, thus
increasing the uncertainties of flash droughts.
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5. Conclusions

As hot-dry compound extremes become more frequent with climate
warming, the probability of flash droughts with rapid onset speeds is
anticipated to increase. These changes in flash droughts are expected to
further exacerbate agricultural, environmental, and socio-economic
impacts, potentially triggering subsequent disasters. In this study, we
investigated PWD-derived flash droughts and their relationship with
CMEs in China based on observations and 24 downscaled CMIP6 simu-
lations in historical and future periods. Our findings can be summarized
as follows.

(1) NEX-GDDP-CMIP6 can reasonably reflect the spatial character-
istics and long-term trend characteristics of P — PET, which in turn can
reasonably reflect the spatial and temporal characteristics of PWD-
derived flash droughts. Historical flash drought hotspots were concen-
trated in the northern and southern parts of China. Large proportions of
Case 4 (i.e., one-pentad onset time) events in the total frequency of flash
droughts were mainly concentrated in the southern parts of China,
which indicated that flash droughts occurred most rapidly in these re-
gions. Pronounced upward trends in the frequencies of flash droughts
across China in both observations and model simulations may be
attributable to increased frequencies of the most rapidly occurring
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events in the historical period.

(2) The onset dates of the first and last flash droughts throughout the
year are expected to shift earlier and later, respectively, thus expanding
the onset dates of flash droughts both in the observations and model
simulations in the historical period. The first flash drought event will
occur earlier and the last flash drought event will occur later for the vast
majority of China in the far-future under high-emission scenarios, which
will increase the likelihood of advanced or delayed occurrence for the
flash drought events. The magnitude of this effect intensifies with higher
levels of warming, leading to more pronounced shifts in the timing of the
year's first and last flash drought events.

(3) Flash drought frequencies exhibited significant upward trends
under both future SSP scenarios, particularly SSP585. The proportions of
Case 4 flash droughts showed significant upward trends in both future
scenarios, suggesting a faster onset of future flash droughts. The spatial
characteristics of Case 4 flash droughts closely resemble those of overall
flash drought frequency in the future, with Case 4 events increasing
more rapidly, particularly in central regions of China. This indicates a
growing contribution of flash droughts occurring within one-pentad
time to the total flash droughts, especially in the far-future under
high-emissions scenarios.

(4) A strong association was observed between high Ty« (PET), high
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Fig. 13. The same as Fig. 12, but for root-zone SM (0-100 cm) in GLEAM3.5a and ERA5S datasets.

VPD, and strong winds with high flash drought occurrence probability,
particularly in southern regions of China. PWD-derived flash droughts
effectively capture the sharp intensification of drought conditions
leading to depleted SM and associated drought effects. This is due to the
PWD falling rapidly about 1-2 pentads and 2-3 pentads ahead of surface
and root-zone SM values. CMEs in southern China were prone to
inducing flash droughts due to elevated proportions of the four types of
CMEs. Overall, compound Tp,ax & VPD & Wind events presented a high
probability for triggering flash droughts. The probability of CMEs trig-
gering flash droughts is expected to increase as the magnitude of
warming increases. The proportion increases of compound Tpax & VPD
events will be much larger than those of other compound events, espe-
cially in the far-future under the SSP585 scenario.
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