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Abstract

Flash droughts feature rapid onsets of soil moisture drought events and result in severe impacts and
damages, especially on agricultural and ecological systems. How the flash drought regime across China
varies on multitemporal scales with climate change is not fully clear yet. In this study, we extended the
flash drought definition to apply to arid regions by adding an absolute soil moisture variation criterion.
Then, we detected flash drought events across China during 1981-2021 and characterized their
frequency, duration, and affected area changes on seasonal, annual, and decadal scales, using soil
moisture data from the European Center for Medium-Range Weather Forecasts climate reanalysis-Land.
Results show that hotspots of flash droughts appeared in North China and the Yangtze River Basin.
During 1981-2021, the hotspots, even nationwide, underwent significant increases in frequencies,
durations, and affected areas of flash droughts. The increases held in the extremely high values of the
frequencies and durations in the decadal comparisons. Especially, North China saw the most extensive
and rapid increases. Seasonally, flash drought frequencies and durations intensified more during spring
and autumn, and seasonal hotspots in eastern China shifted in phase with spatial patterns of soil
moisture loss balanced by precipitation and evapotranspiration. Thus, flash droughts tended to amplify
atmospheric aridity. These findings on the hotspot regions and the spatiotemporal evolutions of flash
droughts across China would pinpoint soil moisture responses to climate change and prepare for climate
change impacts on local eco-environments.

1. Introduction

Flash drought, compared with traditional climate drought, has the characteristics of sudden occurrence,
rapid development, and heavy damage, accompanied by rapid loss of soil moisture, possible high
temperature, and even heat wave events (Otkin et al. 2013, 2018; Wang et al. 2016). As a result, flash
drought events have massive impacts on natural environments, agriculture, ecosystem services, and the
multi-aspects of society (Yuan et al. 2020). In the future, with the global temperature rising, climate
drought is expected to intensify with high confidence (IPCC 2021). Droughts are projected to affect over
40% of the global population by 2030 and over 75% by 2050 (UNCCD 2022). Given the unpromising facts
and projections of climate change, investigating the evolution of flash droughts, such a unique type of
climate event, in response to climate change, is important. Understanding the regional impacts of climate
change will supports preparedness measures for the potential risks to ecological services, grain and
water supply, and socio-economic stability.

Despite the outstanding characteristics of sudden occurrence and rapid development, flash droughts are
also relevant to traditional droughts both of which share some common characteristics, such as
undergoing a complete process from onset to demise and developing in duration with muti-aspect
impacts. In addition, flash droughts tend to subside within a sub-seasonal scale for their rapid
development, while traditional droughts are focused more on slow-onset events and can last for months
oryears (Yuan et al. 2020). There isn’t a clear boundary between the two types of droughts as they
develop, and a flash drought may grow into a traditional prolonged drought (Liu et al. 2020). For this
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reason, flash droughts had not been singled out as a unique type of climate droughts until the notion was
proposed by Svoboda et al. (2002). In 2012, a rapidly developed drought across the Central Great Plain in
the USA heavily damaged maize yield with losses of more than 30 billion US dollars (PaiMazumder and
Done 2016). In the summer of 2013, a severe drought swept through the south of China in a short time,
affecting 13 provinces, with more than two million hectares of crops damaged in Hunan and Guizhou
provinces alone (Yuan et al. 2015). From then on, due to their huge impacts and damage in a short
period, the nature of the sudden occurrence and rapid development of such drought events attracts
increasing attention in climate change studies.

To distinguish flash droughts from slow-onset droughts, the conventionally used drought indices show
some weakness. For example, the standardized precipitation index (SPI; McKee 1993; Mckee, Doeskin,
and Kleist 1995) and the Palmer drought severity index (PDSI; Palmer 1965), with traditional time scales
longer than one month, are prone to monitor long-term droughts and thus filter out the flash signals.
Some vegetation-related indices show vegetation’s response to drought stress, which lags behind
circumstantial drought because of the hysteresis effect of vegetation physiologic processes (Otkin et al.
2013, 2014). For this reason, new criteria have been scrutinized to define flash droughts. Mo and
Lettenmaier (2015) focused on representing the short-duration characteristic of a flash drought using
three variables: surface air temperature deviation, evapotranspiration, and soil moisture anomalies, which
is called a heat wave flash drought. Replacing soil moisture with precipitation, Mo and Lettenmaier
(2016) highlighted the role played by precipitation deficit in triggering flash drought onset, also known as
precipitation deficit flash droughts. To capture the rapid intensification of a flash drought, Ford and
Labosier (2017) proposed an objective percentile-based method to detect the onset of a flash drought
using soil moisture alone without considering the extinction of a flash drought. By improving on the
percentile-based method, Yuan (2019) identified the two stages of onset and recovery based on the soil
moisture variable, explicitly depicting two features of flash droughts, that is, rapid development and
sustainability, and thus the complete life history of flash droughts. By now, the criteria for flash drought
definition have enabled us to statistically describe the frequency, duration, and affected area of a flash
drought event, establishing a foundation to investigate regional flash drought evolution in the context of
changing climate.

During the past years across China, several studies have been conducted to investigate the
spatiotemporal evolution of flash droughts on various scales (Yuan et al. 2015; Wang and Yuan 2018).
Spatially, flash droughts are prone to emerge in wet regions in China, where the frequency and duration
increase from northwest to southeast along the gradient of dry-wet climates (Yuan et al. 2019). With
climate warming, flash drought frequency doubled during 1979-2010 (Wang et al. 2016). Especially, in
agricultural regions flash droughts occur more frequently accompanied by heat waves and precipitation
deficit mostly in spring and summer (Zhang et al. 2018). In semiarid regions, the increased intensity and
duration of flash droughts are mainly associated with precipitation deficit, high temperature, and
increased net radiation, with varying contributions during flash drought development (Ran et al. 2020; Fu
and Wang 2022). While in humid regions, precipitation deficits dominate flash droughts (Zhang et al.

2017).
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The efforts on defining a flash drought in theory and revealing spatiotemporal variability in China have
formulated a paradigm for understanding flash droughts in China. Given the complexity of flash
droughts, the established criteria of flash droughts, however, focus more on the flash droughts that
occurred in the regions with a fair amount of surface water budgets (e.g., precipitation and
evapotranspiration). Consequently, unreasonably high frequencies or long-lasting durations of flash
droughts may emerge in arid and hyper-arid regions. How the non-reasonability could be filtered out from
the present criteria remains open. Furthermore, the spatiotemporal dynamics of regional flash droughts
based on the data with high resolution, along with their responses to the regimes of surface water
budgets, are still helpful to understanding climate change impacts on terrestrial environments and
ecosystems.

In this study, we focused on a criterion of flash droughts to augment and consolidate the applicability of
flash drought definition across arid regions, and then we characterized the spatiotemporal evolution of
flash droughts and their association with surface water budgets during 1981-2021 using a high-
resolution soil moisture data set from the European Center for Medium-Range Weather Forecasts climate
reanalysis-Land (ERA5-Land). The object of this study is to 1) identify hotspot regions of flash droughts
across the mainland of China; 2) quantify the evolution of flash droughts during the last four decades,
especially in the hotspot regions, on multiple temporal scales; 3) examine the dependency of flash
drought dynamics on surface water budgets.

In the following sections, the data sets and the used methods were described, and the development on
the criteria to define a flash drought was represented in Section 2. The evaluation of ERA5-Land soil
moisture data, the variability of flash drought frequency, duration, and affected area, and the response of
flash drought variability to surface water budgets were shown in Section 3. The possible mechanisms for
flash drought variability in response to regional climate change, and implications for terrestrial
environments in China, as well as the uncertainties in the present results, were discussed in Section 4.
The paper was summarized with conclusions in Section 5.

2. Data and Methods
2.1. In situ observations

Soil moisture (SM) observation in China was gradually operated since 1981, there have been limited
available observation data, especially the long-term continuous data in the western region. The present
study used the Agrometeorological Soil Moisture Dataset (V1.0, 1981-2010,
http://www.cma.gov.cn/2011gxfw/2011gsjcx), which was released by China Meteorological
Administration (CMA), containing 245 in situ observation sites (geographical distribution shown in Fig. 1)
over the period from 1981-2010. The monthly values were averaged from 10-day observations available
at 11 layers vertically, that is, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 cm. Given the sparsity of
available data during the early period and the gradual stop in 0-5cm observation data in 1994-1995, here
the data for the period of 1996—-2010 were used to test the reanalysis soil moisture data. In addition, the
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in situ observations were temporarily suspended during frozen periods. Thus, the observations used in
this study were not affected by soil freeze-thaw processes. For facilitating decision-making in agricultural
practice, the soil moisture data set was released in the form of gravimetric soil moisture. With the bulk
densities of soil, gravimetric soil moisture was here converted into volumetric moisture content according
to formulas as follows:

0=w/B, x By

1

]

where, 8 and windicate volumetric and gravimetric soil moisture (cm® cm™3, g g7"), respectively; 8,, and
B, indicate the bulk densities of water and soil (g cm™3), respectively, with 8,, assumed to be 1 g cm™3
normally.

2.2. ERA5-Land reanalysis data

ERAS5-Land (Munoz-Sabater et al. 2021), a land surface simulation data set, was simulated with the land
surface model of the European Center for Medium-Range Weather Forecasts (ECMWF,
https://cds.climate.copernicus.eu/cdsapp#!/home) ERA5 climate reanalysis system, using atmospheric
forcing from ERAS reanalysis. Due to data assimilation in ERAS5, ERA5-Land was influenced by
observations of the atmosphere and remote sensing soil moisture only through atmospheric forcing.
Compared to ERAS, this dataset provides land data with higher temporal and spatial resolutions, leading
to the increased effectiveness of various complex land surface processes, such as flood or drought
forecasting. The soil is resolved at 4 layers, with thicknesses of 0—7, 7-28,28-100, and 100—289 cm, at
a horizontal resolution of 0.1° x 0.1°. In this study, hourly soil volumetric moisture content at 0-100cm
was used to estimate flash droughts, and monthly data of total precipitation and total evapotranspiration
were used to examine the association between flash drought dynamics and surface water budgets during
1981-2021 in China.

2.3. Evaluation of ERA5-Land reanalysis data

The observation soil moisture data from 245 sites were used to test the ERA5-Land reanalysis soil
moisture data during the period of 1996 to 2010 in China. Given the inconsistency between the
observation depths and ERA5-Land soil layers, the observations at 10, 20, and 30 cm were averaged to
compare with the reanalysis mean of the first two layers, that is, 0-7 and 7-28 cm layers. At the site
scale, the comparisons of soil moisture data were conducted between observation sites and the
corresponding reanalysis grids. To maximumly use the observations, we interpolated the missing values
using Piecewise Cubic Hermite Interpolating Polynomial (PCHIP, David et al. 1988) once the missing
values continued for more than three months, otherwise the months were excluded from comparisons.
For the analysis of seasonal decomposition, the 144 sites with complete observations were used, and
their mean time series was generated by averaging soil moisture data across sites along the time axis.
The generated observation and reanalysis mean time series were then decomposed using the seasonal
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trend decomposition based on LOESS (Local regression; Cleveland et al. 1990) in an additive model. The
key method of LOESS is associated with a smoothing process based on a weighting function, in which
the influence of a neighboring value on the smoothed value decreases with distance on the time axis. The
rigorous mathematical deduction can be seen in the literature (Cleveland 1979; Cleveland et al. 1990).
Furthermore, linear trends were acquired through the least squares linear regression method. Pearson
correlation coefficients (CC) were calculated at the site scale between observation and reanalysis soil
moisture data. The significance of CC was tested using the Student-T test with the degrees of freedom of
n - 2, and the statistic twas calculated as follows:

n(Qzy) -z Yy
V(20 - o] [n (Sv9) - )

Irmy —

2
L rv/n — 2
Vv1—r?

3

)

where x and y represent time series with sample sizes of n, and r,, equals CC.

2.4. A new flash drought definition

Regarding flash droughts, in the latest Yuan's definition (Wang and Yuan 2022), both its onset and
recovery processes are considered based on the pentad scale (5 days), emphasizing the rapid
development and sustainability of a flash drought. More specifically, if the pentad-mean soil moisture
percentile in the root zone decreases from above 40th to 20th with an average decline rate of no less than
5% in percentile per pentad, a flash drought event starts. The event ends when the soil moisture rises to
above the 20th percentile with a duration of more than 4 pentads. The percentile-based constraints might
mistakenly identify arid status as a long-lasting drought, especially in hyper-arid regions, leading to
unreasonable implications for ecohydrological management. For this reason, based on Yuan's definition,
an absolute soil moisture variation criterion was added to the established criteria, that is, soil moisture
percentile dropping from 40th to 20th simultaneously with the absolute soil moisture variation larger than
0.01 m® m~3. We determined 0.01 m® m™2 as the threshold here because the magnitudes of the soil
moisture seasonal variations are generally less than 0.01 m3 m~3 in arid areas and our sensitivity tests
showed negligible differences in flash drought identification outside arid and semiarid zones caused by
the addition of the criterion. The determination of the onset, duration, and end of a flash drought is
schematically illustrated in Fig. 2 with this added criterion.
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2.5. Statistical analysis

To statistically describe the spatiotemporal characteristics of flash droughts in China during 1981-2021,
the frequency of flash droughts was determined as the total number of onsets on each grid during the
study period. The total duration refers to the pentads between the onset and end of a flash drought, and
the mean duration is a division of the total duration by the frequency. To compare the affected areas
across various climate zones, an area index was defined as the ratio of the number of grids that
experienced flash droughts to the total grid number in a study area or climate zones. Furthermore, based
on the mean annual precipitation total from 1981 to 2021, we divided the study area into four dry-wet
climate zones. Regions with annual precipitation less than 200mm, 200-400mm, 400-800mm, and greater
than 800 mm were classified into arid, semiarid, subhumid, and humid zones, respectively (Fig. 1). To put
the flash drought variability in the dry-wet context of climate, the aridity index (Al) of potential
evapotranspiration to precipitation was used to represent the climatic dryness.

2.6. Partial correlation analysis

To quantify the relationship between flash drought occurrence and terrestrial water balances, a partial
correlation analysis was conducted on a monthly scale. Partial correlation coefficients (PCC) of flash
drought frequencies concerning precipitation (Pr) and evapotranspiration (ET) anomalies were calculated
separately using the 41-year monthly mean frequencies and monthly anomalies of Prand ET for all grid
points. The means of climate zones were derived by averaging across grids within each climate zone with
the weights of grid areas. Seasonal coefficients were computed using the averaged data of each season
during the 41 years. The significance of PCC was tested using the Student-T test with the degrees of
freedom of n — k — 2, and the statistic twas calculated as follows:

rmy _ rzzryz

o)

4
rvn—k—2
t =
V1 —r2
5
where r,, 1,, and r,, represent CCs between the x, y, and ztime series. nis the sample size, kis the

number of controlled variable, and . equals PCC.

3. Results
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3.1. Evaluation of ERA5-Land soil moisture data

The ERA5-Land reanalysis soil moisture data, used to examine flash droughts, was evaluated against in
situ observations in 1996—-2010. At the site scale, significant CCs between observations and reanalysis
data were distributed extensively with reasonable spatial representativeness (Fig. 3a). There were 163
(170) of 182 sites passed the significance test with a confidence level of 99% (95%), accounting for
89.56% (93.40%). The low CCs were mainly located in Northeast China, Inner Mongolia, Xinjiang, and the
Tibet Plateau, largely associated with the complex topography. Given the inevitable biases due to the
inconsistent depths of observation and reanalysis data (Sec. 2.1, 2.2), both the site-averaged value of
0.08 m® m™2 for root mean square errors and spatial uniformity of mean absolute errors indicated
reasonable fidelity of reanalysis soil moisture data across China (Fig. 3b). Considering the mismatch of
spatial representativeness between observation sites and model grids, the site-averaged time series
weregenerated (Sec. 2.3) to reduce the effects from individual sites and then the analysis of seasonal
decomposition was conducted (Fig. 4). For the site-averaged time series, CC between the site-averaged
time series of observations and reanalysis soil moisture data reached 0.73 (Fig. 4a), suggesting the
enhanced inconsistent depths of observation and reanalysis data (Sec. 2.1, 2.2), both the site-averaged
value of 0.08 m® m™23 for root mean square errors and spatial uniformity of mean absolute errors
indicated reasonable fidelity of reanalysis soil moisture data across China (Fig. 3b). Considering the
mismatch of spatial representativeness between observation sites and model grids, the site-averaged
time series were generated (Sec. 2.3) to reduce the effects from individual sites and then the analysis of
seasonal decomposition was conducted (Fig. 4). For the site-averaged time series, CC between the site-
averaged time series of observations and reanalysis soil moisture data reached 0.73 (Fig. 4a), suggesting
the enhanced reasonability of ERA5-Land soil moisture data on a regional scale across China. The trend
terms show that the reanalysis data performed well in generating observed low-frequency variability of
soil moisture with a CC of 0.80 (Fig. 4b). The linear trends were - 0.03 m® m™2 and - 0.01 m® m~23 during
1996-2010 (P<0.01) for the reanalysis and observations data, respectively, and the reanalysis data
captured the observed decrease during 1996—2010 despite much faster trend. Regarding seasonal terms,
the reanalysis data largely regenerated the observed seasonal dynamics, although there was a
substantial bias in seasonal spread (Fig. 4c). The correlation of residual terms reached 0.86 (Fig. 4d)
indicating high fidelity of monthly dynamics in the reanalysis soil moisture data during 1996-2010. In
general, ERA5-Land reanalysis soil moisture data reasonably agreed with the observations, grasping the
main characteristics of variations on multiple scales in China, despite the insufficient evaluations here on
absolute magnitudes due to the unavailability of the soil moisture observations layer that fully match the
model soil layer depths. In this regard, the recent studies have evaluated the terrestrial water cycle
components as well as relevant energy balances on various spatiotemporal scales (Li et al. 2020, 2022;
Wu et al. 2021)not only to demonstrate the adequacy of water variable magnitudes but also to model
physical process representations. Furthermore, the uncertainties in the reanalysis soil moisture data and
its effects on the results were discussed in Section 4.

3.2. Spatial characteristics of flash droughts
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Flash drought events occurred in a wide range of regions in China during 1981-2021 (Fig. 5a).The
hotspot regions concentrated in the semiarid Northwest and North China and the humid Yangtze River
Basin. The frequency reached 17 and 21 times per decade in the two regions, respectively. From a
perspective of topography, the mountainous regions were prone to see high-frequency flash droughts,
largely associated with quicker water balances and higher wind speeds forced by topography (Yeh and
Eltahir 1998; Yoo and Kim 2004; Su et al. 2018; Chen et al. 2022). While regions with the low frequency of
flash droughts lay in high latitudes and altitudes, where soil moisture variations were restrained as the
soil is frozen. In most hyper-arid regions, such as the extensive deserts in the Northwest and the west of
the Tibetan Plateau, the flash droughts were determined as less than 5 events per decade due to long dry
status and less and short fluctuations in soil moisture. Regarding the spatial pattern of flash drought
durations (Fig. 5b), it was characterized by a tri-pole distribution, that is, long in the north and south and
short in the central. The long poles lay in Northeast and South China, respectively, with durations of 12—
16 pentads; the short pole was centered from the Yellow River and Yangtze River basins with durations of
8-10 pentads. In addition, in peripheral areas of the Tibetan Plateau, there appeared flash droughts
lasting 14-18 pentads. In parts of the hotspot regions with high frequencies, the durations were also
long, suggesting frequent and lasting impacts of flash droughts. Overall, in the past 41 years, an average
of 11 events in a decade and 11 pentads in the duration of flash drought events occurred on the grid
points in the study area. The spatial patterns of frequency and duration show upward trends in most
parts of China (Fig. 5¢, d). In particular, the North China hotspot regions underwent significantly
intensified flash droughts in terms of both frequency and duration. The same trends held in semiarid
Northwest China and regions from the Yangtze-Han River to the Yangtze-Huaihe River basins. The linear
trends ranged from 0.3—0.5 times per decade for frequency and 0.3-0.8 pentads per time per year for the
duration in the regions with significant trends during 1981-2021. In contrast, significant downward
trends in frequency and duration were observed in the peripheral regions of the Tibetan Plateau and parts
of the arid zone, with maximum trends reaching - 0.4 times per decade and - 0.5 pentads per time per
year, respectively.

3.3. Temporal characteristics of flash droughts
3.3.1. Interannual and decadal variabilities

On the interannual scale, the three characteristics of flash droughts, that is, frequency, duration, and
affected area ratio, show upward linear trends across four climate zones during 1981-2021 (Fig. 6). The
frequencies increased with the highest frequency of 1.25 times per year in the humid zone, followed by
1.1 times per year in subhumid and semiarid zones, the lowest frequency of 0.86 times per year in the
arid zone, on average. In terms of total duration, the average increase was the fastest in the subhumid
zone with a rate of 0.2 pentads per year, followed by 0.13 in the arid zone. However, the increasing rates
in humid and semiarid zones were not significant. As for the affected area ratio over 1981-2021, 83.34%
of the humid zone was affected by flash drought events, followed by approximately 70% in subhumid
and semiarid zones, and 46.60% in arid areas. Among the climate zones, the growing trend was the
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highest in the subhumid zone reaching a rate of 0.69% per year, and the rates for the other three areas
ranged from 0.2-0.35% per year. On the top of interannual dynamics and linear trends, there were longer
fluctuations in flash drought evolution in 1981-2021. Notably, from 2000 to 2007, the intensification in
flash droughts across four climate zones was occurred, consistent with the a reduction in precipitation,
surface water resources, and vegetation index in China on average (CMA Climate Change Centre 2021),
which contributed to the significant downward trends in flash droughts, especially after 2007 in arid
zones (Fig. 5¢, d, Fig. 6). Furthermore, across four climate zones, the proportional variations of the three
characteristic variables weighted with grid areas show that humid and subhumid zones contribute largely
to China's flash droughts (Fig. 7 with statistics in Table 1). Three characteristic variables underwent rapid
growths since 2000 reaching their maximums in 2007, and this amplitude of the increase in decadal
mean in the 2000s gradually grew from humid areas to arid areas (Fig. 6) indicating that arid zone was
mostly sensitive to the long-lasting climate fluctuations. On the decadal scale, the probability
distributions for the four decades (Fig. 8) illustrated that flash drought frequencies and durations were
overall increased, in terms of both mean and extremely high values, from the 1980s to 2010s. Specifically,
flash droughts were growing to be more frequent and long-lasting with climate change across China,
although there were, to varying extents, mitigation during the 2010s relative to the 2000s. By contrast, the
probability density functions of the surface atmospheric aridity index (Fig. 8i-) show a slight increase in
dryness. Such a discrepancy indicates a disproportionate association between atmospheric and soil
aridity changes, and that the soil tends to amplify the atmospheric dry anomalies forced by land-
atmosphere feedback with climate change over the past 41 years.

Table 1

The proportion of four climate zones to the annual frequency, total
duration, and affected area of flash droughts in China from 1981-
2021

Variables\Zones = Humid Subhumid Semiarid Arid

Freq 45.33% 34.70% 13.16% 6.81%
Dur 42.79%  36.04% 13.57% 7.59%
Area 46.09% 36.41% 11.87% 5.63%

3.3.2. Seasonal variability

As for seasonality of flash drought dynamics, there were remarkable spatial shifts in seasonal hotspot
regions in China during 1981-2021 (Fig. 9). From spring to autumn, flash droughts occurred most
frequently in North China, then the Yangtze River basin, and then South China, with the maximum
frequency approximately 10 times per decade and lasting 7 pentads. In winter, flash droughts occurred
with relatively high frequencies of 5-6 times per decade in parts of Southwest China. In terms of
duration, the seasonal hotspot regions were more extensive despite the analogous spatial patterns. Such
spatial shifts in seasonal hotspot regions were largely in phase with the movement of solar radiation and
precipitation belts with summer monsoon in Eastern China (He et al. 2007). In terms of trend seasonality,
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the hotspot regions in North China, the Yangtze-Han River, and Yangtze-Huai River basins experienced
significant intensification during all seasons, according to both frequency and duration. Especially in
North China, the maximum increasing trends reached 0.4 times per decade in frequency and 0.25 pentads
per year in duration. However, in northern North China and peripheral regions of the Tibetan Plateau,
downward trends appeared during various seasons. From the perspective of annual cycles of climate
zone-averaged characteristic variables (Fig. 10), in the humid zone, flash droughts show three peak
frequencies in April, July, and October, reaching 1.10, 1.79, and 1.75 times per decade. The responding
durations and affected areas kept rising from February to October or even later, with a maximum duration
of 15.33 pentads per decade and 79.38% of humid areas. In subhumid and semiarid zones, the peak
frequencies of 2.52/2.26 times per decade appeared in May with the peak of durations and affected
areas appearing in the next month, June, reaching 18.66/16.78 pentads per decade and 93.32%/89.67%
of the zone areas, respectively, followed by sub-large values in autumn. In the arid zone, the annual cycles
of the three variables show a similar mode as those of the subhumid and semiarid zones, but with lower
peak values (1.38 times per decade, 12.55 pentads per decade, and 74.08%, respectively). For
interdecadal evolutions, these three characteristic variables generally peaked in the spring or autumn of a
year.

3.4. Flash droughts response to surface water balance

To quantify flash drought response to surface water balances, a partial correlation analysis was
conducted between flash drought frequencies and Pr and ET variations for the period of 1981-2021

(Fig. 11). Overall, flash drought frequencies were positively correlated with ET anomalies and negatively
correlated with Pr anomalies, suggesting that Pr deficit and ET excess lead to flash drought onset and
quick development. Notably, the two flash drought hotspot regions, that is, North China and the Yangtze
River Basin, show significant correlations with both Prand ET anomalies. However, the Pr deficit played a
leading role in North China, while it was ET excess that dominated flash drought frequencies in the
Yangtze River Basin. Additionally, in Northwest China, both positive correlations with Prand ET anomalies
reveal that flash drought frequencies were determined by the ET excesses over the increases of Prin arid
and semiarid regions. In contrast, negative correlations indicate that decreased Pr leads to declined ET
and the more frequent onset of flash droughts in the Northwest and Southwest regions. Furthermore,
across climate zones, the monthly dynamics of partial correlations (Fig. 12) show that the significant
correlations of flash drought frequencies with Pr and ET anomalies occurred in various months of spring,
summer, and autumn. The changes in magnitudes of coefficients, and even their signs, suggest that flash
drought evolutions with soil moisture gain and loss processes could be observed on a monthly scale,
representing the regime changes of surface water and solar radiation balances by the way of Prand ET
anomalies across various climate zones. Specifically, for the shifts of seasonal hotspot regions (Fig. 13),
the negative correlation with Pr and the positive with ET suggests that Pr deficits and ET increases
contributed to frequent flash droughts in North China in spring. In the Yangtze River Basin, positive
correlations with both Pr and ET indicate that more rapid increases in ET over Prin summer led to
increases of flash drought events in summer. In autumn, negative correlations with both Prand ET in
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parts of South China suggest Pr deficits led to both decreases in ET and increases in flash drought
eventsin these regions.

4. Discussion
4.1. Development in flash drought definition

Our new addition of flash drought criteria highlighted the vegetation’s perception of rapidly changing
water stress during a flash drought. The threshold of absolute variations (over 0.01 m® m™3) allowed for
the filtering out of slight fluctuations in soil moisture content despite large percentile spans especially in
hyper-arid regions, meanwhile, to detect the vegetation perceptible water losses in the soil across arid and
semiarid regions, for instance, parts of the Tibet Plateau and arid-semiarid Northwest China (Fig. 5, 14). In
addition, the thresholds of soil moisture were determined according to land cover classification and
vegetation-targeted sensitivity testing, with which various thresholds featuring diverse magnitudes,
regions, and periods could be explored in future studies (Ford and Labosier 2017). Furthermore, our study
focused on year-round flash drought changes rather than during the growing seasons. The seasonal
hotspot regions of flash droughts shifted from North China to the Yangtze River Basin and their
responses to Pr and ET balances further helped to dissect mechanisms and ecological effects of flash
drought evolution. Based on the established and added criteria, hotspot regions of flash droughts overall
followed the Pr gradient in China, agreeing with that of existing research (Yuan et al. 2019; Christian et al.
2021; Wang and Yuan 2022; Fu and Wang 2022). However, the newly added criterion of flash drought
detection as well as the high horizontal resolution of ERA5-Land soil moisture data largely contributed to
the hotspot regions in North China and mountainous regions.

4.2. Possible mechanisms for flash drought changes in
different climate zones

The present study found that flash droughts occurred when Pr and ET concurrently increased (positive
correlations) in the growing seasons in humid regions. Previous studies have shown that, during
growingseason of humid climate, rapid increases in evaporation demand with high temperature, strong
wind, and strong solar radiation, exceed Pr and thus quickly deplete soil moisture in the root zone (Otkin
et al. 2013, 2016; Mo and Lettenmaier 2015). As a result, the quick depletion of soil moisture triggers the
onset of flash droughts. In this regard, the transition of soil moisture losses from energy-limited to water-
limited may play an indicative role in flash drought monitoring (Hunt et al. 2009, 2014; Ford et al. 2015).
In addition, vegetation by drawing more water from the deeper soil layers during a drought further
exacerbates soil moisture deficit and the flash drought onset, which in turn leads to vegetation damage
(Wang et al. 2016). In arid regions, the ET amount is regulated by available moisture rather than solar
radiation energy. During the past decades, Northwest China experienced a warming-wetting change in
climate (Ma and Fu 2001), which alleviated the moisture deficit and even generated decreases in flash
drought frequencies in parts of these regions. However, the intensified ET with rising surface air
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temperature leads to more rapid losses of soil moisture, which is responsible for the overall upward
trends of flash drought frequency in arid regions (Fig. 6). Regarding the seasonal shifts in flash drought
hotspots from North China to the Yangtze River Basin, they overall align with the moving rainfall belt in
eastern China under the control of the advance and retreat of the East Asian summer monsoon (EASM)
and the western Pacific subtropical high (WPSH; Chen et al. 2006). In spring, the rainfall belt lies in South
China, while in North China, the rapidly increased ET due to the rising air temperature, wind speed, and
solar radiation, depletes soil moisture and thus increases the frequencies (Otkin et al. 2013; Mo and
Lettenmaier 2015). In summer, the summer monsoon belt moves northward after the Meiyu season, and
WPSH controls the middle and lower Yangtze River Basin. Thus, ET rapidly depletes Pr and soil moisture
and promotes flash drought occurrence. In autumn, with EASM retreating out of South China, WPSH
again affects the Yangtze River Basin and its southern regions, which is responsible for the southward
expansion of flash drought hotspot regions. Although the annual frequency of flash droughts is
significantly correlated with Pr and ET, Pr deficit determines the onset of flash droughts with a ratio of
92%, and ET excess largely regulates the speed of onset through land-atmosphere coupling (Wang and
Yuan 2022). Furthermore, during past decades, with rising air temperatures and declining intensity of
EASM, decreased rainfall in North China has been observed since the mid-1960s leading to intensifying
frequent flash droughts in this region (Zhang 2015; Chen et al. 2021). Meanwhile, the weakening EASM,
accompanied by the westward extension of the WPSH, promotes the westward transport of water vapor
from the Indian Ocean and the Pacific that contributes to the increases in Prin Northwest China, leading
to downward trends in flash drought frequencies in the region (Chen et al. 2021).

4.3. Limitations, uncertainty, and outlook

This study mainly focused on the spatiotemporal characteristics of flash drought and their associations
with terrestrial water balances using ERA5S-Land reanalysis data. The reanalysis soil moisture data is, to
varying extents, inconsistent with observations across China, especially in long-term trends (Fig. 4). The
trend biases might lead to an enlarged intensification in flash drought frequencies, durations, and
affected areas. The model systems of ERAS-Land reanalysis have yet to incorporate representations of
human activities such as agricultural irrigation, water resource management, and ecological engineering,
which might contribute to flash drought detection biases on a local scale. It is, however, worth noting that
the in situ observations of soil moisture data might not completely represent the mean status of a model
grid. As flash drought is still a newly emerging concept in climate study, to apply to regions with dry
climates, in this study a criterion of the absolute amount of soil moisture was set by the sensitive testing
method. The criterion suggests a direction to detect flash droughts by considering ecological effects that
can act as a reference to other regions, but its region-specific applicability required further testing based
on the ecohydrological indicators. In the future, thorough thinking of the flash drought criteria is
necessary to facilitate practical monitoring, forecasting, and early warning. Finally, the synoptic and
climatic mechanisms for flash drought change, especially for its responses to warming climate, are
fundamentally important.

5. Summary and conclusions
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In this study, from the perspective of spatiotemporal evolution, flash droughts have been examined
across China under changing climate from 1981 to 2021, using ERA5-Land reanalysis soil moisture data.
Furthermore, how flash droughts respond to surface water and solar radiation balances with climate
change has also been investigated, based on the partial association of flash droughts with precipitation
and evapotranspiration variations. The main conclusions were drawn as follows.

1) Flash drought hotspot regions were mainly located in North China and the Yangtze River Basin, while
long-lasting flash drought events were prone to appear in Northeast and South China. In addition, the
mountainous regions were prone to see high-frequency flash droughts.

2) With climate change, the frequency and duration presented consistent upward trends in the hotspot
regions during 1981-2021. Notably, in North China, Northwest China, and the Yangtze-Han River to the
Yangtze-Huaihe River basins, upward trends were significant. In contrast, decreasing trends were
observed in the peripheral regions of the Tibetan Plateau and parts of the arid zone. The overall changes
tended to intensify both in means and extremes across four climate zones.

3) Flash droughts prevailed from spring to autumn. Hotspot regions emerging from North China to the
Yangtze River Basin to South China in turn were changeably dominated by soil moisture gain and loss
processes, which were driven by the regime of surface water and solar radiation balances across various
climate zones.

This study has added further evidence based on the reanalysis soil moisture data that such a specific
type of drought, flash drought, intensified in China during the past 41 years. With climate change, the
regime of surface water and solar radiation balances was largely associated with the reported flash
drought intensification. These findings suggested that on top of the dry-wet seasonality of climate across
China, droughts of flash onset, rapid development, and lengthening duration has been increasingly
characterized the climate change impacts on terrestrial ecohydrological systems. Thus, the far-reaching
impacts of flash droughts on terrestrial ecosystem services, food security, and water resources deserve
further studies in the future.
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Figure 1

Spatial distribution of 245 first-order agrometeorological observation sites (dots) with arid, semiarid,
subhumid, and humid climate zones according to annual precipitation total (units: mm). YHR and YHHR
present the Yangtze-Han River and Yangtze-Huaihe River basins, respectively
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Schematic diagram for a flash drought event. The solid black line presents the pentad mean soil moisture
percentile on a grid point (25°N, 112°E) during the 2007 flash drought. The first point less than 40th

(asterisk), the first point greater than 20th (pentagonal), and the points between the two (triangles)
indicate the onset, end, and duration of the flash drought event, respectively
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Figure 3

Spatial distribution of the correlation coefficients (CC, p < 0.01, circles indicate insignificant sites, and
triangles indicate significant sites) and mean absolute errors (ME, units: m® m?3) between observations
and ERAS5-Land reanalysis soil moisture data in China from 1996 to 2010

Page 20/28



- (a) Original r=0.73
0.35;-
0.3F
0.25¢ !
L |
U.2:—
- (b) Trend =0 i
0.35;— 0.80
0.3
0.25
77— y1=-0.00017x+0.30297
o ------ y2=-0.00003x+0.23651
I E L 1 1 | 1 L 1 L | ' L L |
= Time (month)
% 1 2 3 4 5 6 7 g 9 10 11 12
m : Iseasbnall T T T T T T I T _ T *
0.0 4:_{C) r=0.53
0.02F &~
o
-0.02F
—0.04;—
- (d) Residual _ .
0_04__{ ) ! l \ r=0.86
3 - | .
0.02F y | \ | o W 4
ok [ l'l| ’ n 1 ".i. ) 1 | ’
E { || | r,. ', u ' I’ s i TJ’ Tl , \‘ ’ ’ N
0.02F \.f ) d v
-0.041 \ﬁ ‘ 4
: —— obs —— ERA5!Land
1996 2001 2006 2011
Time (year)
Figure 4

Seasonal decomposition analysis of monthly soil moisture time series resulted from observations and
ERA5-Land reanalysis data during 1996-2010, *and ** denote significances at p < 0.05 and 0.01 levels
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Interannual changes of flash drought frequencies (a-d, units: times), total durations (e-h, units: pentads),

and affected areas (i-l) across climate zones from 1981 to 2021 and the linear trends were regressed
using the least squares method on decadal (blue dashed lines) and 41-year (orange solid lines) time
windows
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Figure 8
Probability distribution of the frequencies (unit: times per decade), total durations (unit: pentads per year),

and Al indices of flash droughts in four climate zones in China from 1981 to 2020, and the frequencies
and durations were accumulated on a monthly scale
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Monthly changes in the frequencies (unit: times per decade), total durations (unit: pentads per year), and
affected areas of flash droughts in four climate zones in China from 1981 to 2020
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Figure 11
Spatial distribution of partial correlation coefficients between frequencies of flash droughts and
evapotranspiration anomalies (a), and precipitation anomalies (b) in China from 1981 to 2021. Dots

present significance at the p< 0.01 level
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Figure 12
Monthly changes of the partial correlation coefficients between the frequencies of flash droughts and the

anomalies of evapotranspiration and precipitation in four climate zones in China from 1981 to 2021. The
dashed lines indicate critical values (CV) for significance at the p < 0.05 level
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Figure 13

Spatial distribution of seasonal changes in partial correlation coefficients (p< 0.05) between frequencies
of flash droughts and evapotranspiration (a-d) and precipitation (e-h) anomalies in China from 1981 to
2021. Dots present significance at the p< 0.01 level
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Figure 14

The same as Fig.9a, b, but under the definition without considering the criterion of absolute soil moisture
variations (>0.01 m® m?3)
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