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Flash drought is distinguished with seasonal drought by its characteristics of
sudden onset and rapid intensification, and has attracted increasing concern
due to the severe negative impacts on socioeconomic development and ecosys-
tems. To accurate identify the onset time and propagation of flash drought is
still a big challenge, as it is influenced by many factors (e.g., deficit in precipi-
tation, increase in evapotranspiration and temperature, shortage in soil mois-
ture, and etc.). This study aims to develop a probabilistic and multivariable
flash drought identification method (PMFDI) from the perspective of consider-
ing the interaction effects from different driving factors on flash drought occur-
rence and propagation with a multivariable statistical tool. The PMFDI uses
the weekly standardized precipitation evapotranspiration index and the stan-
dardized soil moisture index to describe the abnormally changes in multiple
hydrometeorological variables over a short duration. The linearly multivariable
index (LMI) is employed to describe the correlation relationship between mul-
tiple hydrometeorological variables and to identify flash droughts from the
aspects of sudden onset and rapid intensification. We select the Loess Plateau
(LP) in China to verify the efficiency of the developed PMFDI with the com-
parison to the other two recently proposed flash drought identification
methods. The results indicate that PMFDI can identify high- and low- fre-
quency regions similar to those identified by the other two methods and can
generally recognize actual flash droughts. In addition, the PMFDI can capture
the comprehensive impact of multiple hydrometeorological variables as well as
their interaction on flash drought occurrence, which provides a useful perspec-
tive to understand the propagation processes of the actual flash droughts in
the LP.

KEYWORDS

flash drought identification framework, linearly multivariate indicator, precipitation
deficit, soil moisture shortage, the Loess Plateau
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INTRODUCTION

1 |

Traditional drought generally refers to extreme event that
persists for an extended time period (mainly several
months or years) and can have severe effects on agricul-
ture, ecosystems, socioeconomic activities, water security,
and so forth (Mishra and Desai, 2005; She and Xia, 2013;
Li, She, et al., 2020). In recent years, flash drought, which
is different from traditional droughts mainly due to its
sudden onset and rapid intensification, has attracted
increasing concern both regionally and globally
(Anderson et al.,, 2013; Otkin, Anderson, Hain, and
Svoboda, 2013; Otkin, Anderson, Hain, Mladenova,
et al., 2013). Previous studies have indicated that flash
droughts are more likely to occur in Northern Hemi-
sphere regions during the crop-growing season (April to
September) and can cause severe damage to agricultural
production and the environment (Otkin et al., 2018;
Christian, Basara, Otkin, and Hunt, 2019; Pendergrass
et al., 2020). For example, Jiangxi Province of China suf-
fered flash droughts during the summer of 2003, resulting
in direct economic losses from agricultural production of
approximately 10 million dollars (Zhang et al., 2017); The
flash droughts occurred in the central United States
(US.) during May-August 2012 caused considerable
damage to crops and resulted in billions of dollars in eco-
nomic losses (Christian, Basara, Otkin, Hunt, Wakefield,
et al., 2019). Therefore, the accurate identification of flash
droughts can be useful for better understanding the
drought formulation mechanism and forecast, which can
help formulate drought resistance strategies and reduce
the related economic and agricultural losses. It is well
known that the accurate definition and identification of
the onset and termination time are quite difficult for tra-
ditional droughts (Mishra and Singh, 2010; Hao and
Aghakouchak, 2013; Li, She, et al., 2020), and similar
problems are also faced with flash droughts; this task is
still believed to be difficult and needs to be further
investigated.

To date, many studies have been dedicated to quantify
flash droughts from various aspects. Some studies attempt
to quantify flash droughts from the aspect of short duration
(Mo and Lettenmaier, 2015, 2016; Wang, Yuan, et al., 2016;
Zhang et al., 2017). A representative work is given by Mo
and Lettenmaier (2015, 2016), who developed a method to
identify flash droughts by detecting abnormalities in multi-
ple hydrometeorological variables, and this method has
already been applied in some Northern Hemisphere regions
(Mo and Lettenmaier, 2016; Zhang et al., 2017, Wang and
Yuan, 2018). However, many studies found that the dura-
tion of flash droughts identified by this method is generally
no more than 10 days, which is too short to cause damages
to local agricultural production (Otkin et al., 2018; Yuan

et al., 2019). In addition, Otkin et al. (2018) also indicated
that the method proposed by Mo and Lettenmaier (2015,
2016) could not give sufficient quantification of flash
drought intensity. Recently, many indices emphasizing the
rapid rate of intensification and sudden onset of flash
droughts have been proposed and used for detecting
flash droughts (Otkin et al., 2016; Koster et al., 2019;
Yuan et al., 2019; Christian, Basara, Otkin, Hunt, Wake-
field, et al., 2019; Pendergrass et al., 2020). For example,
Otkin et al. (2016) developed the satellite-derived evapora-
tive stress index to investigate flash droughts in the
U.S. during 2012. Koster et al. (2019) used the soil moisture
percentiles to identify flash droughts in the U.S. and
analysed the contributions of different hydrometeorological
variables to the occurrence of flash droughts. Christian,
Basara, Otkin, Hunt, Wakefield, et al. (2019) developed a
new flash drought identification method based on the stan-
dardized evaporative stress ratio (SESR) and applied it to
detect flash droughts in the U.S. Yuan et al. (2019) proposed
a flash drought identification method based on the soil
moisture percentiles and applied it to investigate the flash
droughts over China. Pendergrass et al. (2020) analysed the
physical mechanisms of flash droughts and employed the
evaporative demand drought index to identify flash
droughts in the U.S. These methods have been shown to be
capable of identifying flash droughts.

Many studies have indicated that the occurrence of
flash droughts is closely related to anomalies in some
hydrometeorological variables, such as precipitation,
temperature, evapotranspiration (ET), and soil moisture
(Ford and Labosier, 2017, Otkin et al., 2018; Koster
et al., 2019; Pendergrass et al., 2020). However, the fore-
going flash drought identification methods are usually
based on only one or two hydrometeorological variables
(Koster et al., 2019; Christian, Basara, Otkin, and
Hunt, 2019; Pendergrass et al., 2020). The study that can
associate the occurrence of flash drought with the
changes in multiple hydrometeorological variables is
quite limited. Mo and Lettenmaier (2015, 2016) have
attempted to use multiple variables, such as precipitation,
ET, and soil moisture, for flash drought detection, but
their method cannot quantify the intensity of flash
drought (Otkin et al., 2018) and considers litter about the
interaction among various variables. It arises big interest
to develop a method that can couple all these factors
together and reflect the comprehensive impact of all pos-
sible factors on flash drought propagation. The multivari-
able tools, which can simultaneously consider the
impacts of multiple driving factors on drought occurrence
as well as capture the dependence structure between dif-
ferent driving factors (Hao and Aghakouchak, 2013; Hao
et al., 2016; She and Xia, 2018), provide a possible way to
achieve this goal.
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This study proposes a flash drought identification
method in a probabilistic way via a multivariable tool
(named as PMFDI). The PMFDI involves three steps:
(1) characterizing the weekly meteorological and agricul-
tural dry/wet conditions using the standardized precipita-
tion evapotranspiration index (SPEI) (Vicente-Serrano
et al., 2010) and the standardized soil moisture index (SSI)
(Hao and Aghakouchak, 2013), respectively; (2) characteriz-
ing the interactive impact of precipitation, temperature and
soil moisture, represented by the weekly SPEI and SSI, on
the occurrence of flash droughts using the linearly multivar-
iate index (LMI), first proposed by Hao et al. (2016); and
(3) identifying flash droughts with suitable criteria that can
recognize their sudden onset and rapid intensification. The
employed SPEI and SSI in the PMFDI can transfer the
hydrometeorological variables into normalized probabilities,
which can reflect the dry/wet conditions well and recognize
the rapid intensification in droughts (Apurv et al., 2017;
Gonzélez-Hidalgo et al., 2018; Li, She, et al., 2020). The LMI
used in the PMFDI is probabilistic and normally distributed
and can be used for risk analysis and prediction. In
addition, the multivariable structure considered in the
PMFDI makes it capable of simultaneously considering
multiple variables inducing flash droughts (Hao and
Aghakouchak, 2013; Rajsekhar et al., 2015). Two recently
developed flash drought identification methods using
the similar definition of flash droughts in our study,
the method proposed by Christian, Basara, Otkin, and
Hunt (2019) using SESR (denoted as SESR method) and the
method developed by Yuan et al. (2019) using soil moisture
percentile (denoted as SMP method), are also employed to
provide a comprehensive comparison with the PMFDI. The
Loess Plateau (LP) in China is selected as the study area.

The main goals of this study are to: (1) develop a new
flash drought identification method on the basis of previous
flash drought identification method, the PMFDI, which can
simultaneously take multiple hydrometeorological variables
as well as their interaction into account via the probabilistic
statistical index; (2) evaluate the PMFDI through compari-
sons with SESR and SMP methods in the LP; and (3) explore
the characteristics and trends in the flash droughts that
occurred in the LP. The findings of this study can provide
scientific support for flash drought identification and pre-
diction and can help mitigate the potential economic losses
resulting from flash droughts.

2 | METHOD AND STUDY AREA

21 | Methodology

The framework of the PMFDI consists of three steps
(Figure 1): (1) the probabilistic transformation of

of Climatology

hydrometeorological variables; (2) the construction of the
LMI, and (3) the identification of flash droughts. The
SESR and SMP methods are also considered here to eval-
uate the efficiency of the PMFDI. The specific procedures
of these three methods are introduced below.

2.1.1 | Probabilistic and multivariable
flash drought identification framework

i. Probabilistic transformation of hydrometeorological
variables

Flash drought is sensitive to precipitation shortages, abnor-
mally high temperatures, and soil moisture deficits (Yuan
et al., 2019; Pendergrass et al., 2020), we select SPEI and
SSI, which are demonstrated to be applicable on weekly
time scale (Nam et al., 2017; Vicente-Serrano et al., 2017,
Gonzdlez-Hidalgo et al., 2018), to transform the hydromete-
orological variables into normalized variables to better
reveal the dry/wet conditions and construct the LMI. The
time scale here is selected as weekly because the relatively
short time scale can capture the changes in flash droughts
(Otkin, Anderson, Hain, Mladenova, et al., 2013; Mo and
Lettenmaier, 2016). The SPEI, which can simultaneously
identify changes in precipitation and temperature, is con-
structed with weekly precipitation and potential evapotrans-
piration (PET) here. The PET is calculated by the Penman-
Monteith method as recommended by the Food and Agri-
culture Organization of the United Nations (Allen
et al., 1998). The SSI is calculated with the weekly root-zone
(0 ~ 100 cm) soil moisture data and has fewer data require-
ments than most agricultural drought indices (Hao and
Aghakouchak, 2013, 2014; Li, Chen, et al., 2020).

The SPEI and SSI use a similar calculation procedure:
selected statistical distributions are used to fit the original
data series, which are the difference series between precipi-
tation and PET in the SPEI and the soil moisture series in
the SSI, and to obtain the cumulative density function of
different levels of the original data series, and then, the
inverse normal distribution transformation is used to
transform the cumulative density into the standardized
values, which can represent different levels of dry/wet
conditions. The log-logistic and gamma distributions are
adopted as the statistical models in the calculation of
SPEI and SSI, respectively (Vicente-Serrano et al., 2010;
Hao and Aghakouchak, 2013; Hao et al., 2017).

ii. Construction of the LMI
The LMI was first proposed by Hao et al. (2016) to

describe drought conditions from the perspective of mul-
tivariable. In the PMFDI, the LMI is adopted as a
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comprehensive drought index to reflect the impacts of
multiple hydrometeorological variables on the occur-
rences of flash droughts. The LMI is constructed under
the assumption that the joint distribution of multiple
standardized drought indices is a multivariate normal
distribution (Hao et al., 2016). The general form of the
LMI can be expressed as

LMI=a,SDI; +,SDI, +...+a,SDI,, (1)

where SDI, represent different standardized drought
indicators (in this case, the SPEI and SSI), which are
normally distributed random variables, and «;, a5, ...,
a, are the weights of different indicators. The linear
and normally distributed structure of the LMI makes
it capable of statistical extrapolation beyond historical
observations and simple to construct and apply (She
and Xia, 2013; Hao et al., 2016). Based on the theory
that a random variable composed of a random vector
(nx1) that follows a multivariate normal distribution
can equal a univariate normal random variable
(Wilks, 2011), the distribution of the LMI can be con-
sidered a normalized distribution with mean uy,and
variance o7,,. The mean value of the LMI can be
expressed as

where u,, ..., U, denote the mean values of the standard-
ized drought indicators and are generally close to 0. The
variance o7,, can be calculated as a'Xppa where o’
denotes the vector of the weights [ay, ay, ..., @] and Zrpy
denotes the covariance matrix of the LMI as

cov(SDI,SDI;) --- cov(SDI1,SDI,)

2imr= (3)
cov(SDI,,,SDI,) --- cov(SDI,,SDI},)

The weight vector a” represents the importance of the dif-
ferent variables in the occurrence of drought event.
According to Hao et al. (2016), the determination of
weights depends on the prior experience or related stud-
ies on the importance of different variables to the occur-
rence of comprehensive drought. The variable with the
greatest impact on the occurrence of drought should be
assigned the largest weight. As we cannot get sufficient
information about the main driving factors of flash
droughts in the LP in advance, we assume both precipita-
tion and soil moisture can be considered equally impor-
tant for the flash droughts in the LP (Yuan et al., 2019;
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Pendergrass et al., 2020). So, the weights are set to 0.5 for
both the SPEI and SSI for the LP in this study.

iii. Identification of flash drought

In this study, the m weeks during the study period are
called as week 1 to M hereafter. The important issue now
is the determination of the criteria to characterize flash
droughts according to the LMI. The criteria should be
determined according to the definition of flash droughts
used in this study and can reflect the characteristics of
flash droughts, that is, their sudden onset and rapidly
increasing intensity and the minimum required length of
the duration. Considering some flash drought identifica-
tion methods that have been applied in China and other
countries (Koster et al., 2019; Yuan et al., 2019; Christian,
Basara, Otkin, Hunt, Wakefield, et al., 2019), three
criteria based on the LMI are proposed to identify flash
droughts in this study: (1) the LMI values should
decrease from above the 40th percentile to the 20th per-
centile; (2) the flash drought terminates when the LMI
value increases up to the 20th percentile; (3) one flash
drought event should last for at least 3 weeks. The first
criterion used here is to characterize the rapidly increas-
ing intensity and sudden onset of flash droughts. The
40th and 20th percentiles are widely used as the thresh-
old values of flash drought identification in many previ-
ous studies (Ford and Labosier, 2017; Koster et al., 2019;
Yuan et al., 2019). The 40th percentile is generally chosen
as the threshold values between normal standard and
slightly drought, which is used to represent the normal
conditions without flash droughts here. The 20th percen-
tile is selected as the threshold value for flash drought
occurrences because it is the level at which droughts start
to cause damage to crops and pastures and start to have a
high risk of fire, according to the associated impacts of dif-
ferent categories of droughts given by the U.S. Drought
Monitor (Svoboda et al., 2002). The second criterion is
used to define the termination of a flash drought and
obtain the complete process of a flash drought event. The
third criterion is the minimum required length of the
duration for flash droughts and is used to exclude
extremely short dry periods, as flash droughts with dura-
tions less than 3 weeks are basically insufficient to cause
damage to crops and plants in arid regions. In addition,
the requirement of the minimum duration of flash
droughts is approximately 3 weeks in many previous stud-
ies on flash drought identification (Koster et al., 2019; Liu,
Zhu, Ren, et al., 2020; Liu, Zhu, Zhang, et al., 2020). These
three criteria can guarantee that the identified flash
drought has a rapid rate of intensification and can last for
a relatively long time to cause damage to agriculture and
the environment.

of Climatology

The intensity (I;) of a flash drought is defined as the
average values of the LMI within its duration D; and is
given as:

=15 vr 4
= Y0 L @

2.1.2 | SESR method

The flash drought identification method proposed by
Christian, Basara, Otkin, Hunt, Wakefield, et al. (2019),
which has been used to identify flash droughts in the
U.S. (Basara et al., 2019; Christian, Basara, Otkin, and
Hunt, 2019; Christian, Basara, Otkin, Hunt, Wakefield,
et al., 2019), is employed in this study to evaluate the effi-
ciency of the PMFDI. It is worth noting that the time
scale of this method is changed from pentad to week in
this study for better comparison with the PMFDI results,
so we adapted the minimum required duration of flash
drought in this method from 5 or 6 pentads (25 or
30 days) to 4 weeks (28 days). The evaporative stress ratio
(ESR) is the basic index for flash drought identification in
this method, which is defined as:

ET
ESR=——
S PET (5)

The SESR and changes in the SESR are defined as:

ESR;, — ESRyjp

SESRgp=——
ijp

(6)

ASESR;;, —ASESR;;
(ASESR,-jp)z= up kL (7)

OASESR;jp

where SESRy, (referred to as SESR) and (ASESRy,),
(referred to as ASESR) are the z-scores of the ESR and
the change in the SESR, respectively. p represents the
specific week p, and i and j represent the specific grid
point (i, j). Four criteria involving the SESR are used for
flash drought identification: (1) the SESR presents a neg-
ative trend for at least 4 weeks; (2) the final value of the
SESR is less than the 20th percentile; (3) the week-to-
week changes in the SESR (ASESR) are not greater than
40th percentile; (4) the changes in the SESR over the
entire flash drought event should be less than 25th per-
centile. The first two restrictive criteria emphasize the
rapid rate of flash drought intensification, and the other
criteria focus on the impacts on vegetation (Christian,
Basara, Otkin, Hunt, Wakefield, et al., 2019).
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2.1.3 | SMP method
Here, the flash drought identification method proposed
by Yuan et al. (2019), which has been used for flash
drought identification for the whole of China, is also
adopted in this study. Similar to the adaptions in SESR
method, the time scale is also set to week instead of pen-
tad here. Thus, the minimum requirement of the flash
drought duration in this method is changed from 3 pen-
tads (15 days) to 2 weeks (14 days). Weekly mean root-
zone (0-100 cm) soil moisture data are used in this
method for flash drought identification. A flash drought
is identified when it satisfies the following requirements:
the soil moisture decreases from above the 40th percen-
tile to the 20th percentile, and the average decreasing rate
is no less than 5% in percentile for each week; the flash
drought terminates if the soil moisture level is greater
than the 20th percentile; and the flash drought should
last for at least 2 weeks.

For these three methods, the frequency of occurrence
(FOC) for each pixel is defined as the percentage of
weeks under flash drought conditions.

FOC=100%XNrp/N ol (8)

where N, is the total number of weeks and Ny, is the
number of weeks associated with flash droughts.

2.2 | Study area and data

The Loess Plateau (33.72-41.27°N, 100.09-114.55°E), which
traverses the upper-middle reaches of the Yellow River in
China, is not only the largest loess region in China but is
also well known for its severe soil erosion and water short-
ages. This region covers an area of approximately
640,000 km? and includes Shaanxi Province, Shanxi Prov-
ince, the Ningxia Autonomous Region, some eastern areas
of Qinghai Province, central and eastern Gansu Province,
some northern areas of Henan Province, and some south-
ern areas of the Inner Mongolia Autonomous Region. The
elevation of the LP varies from 4,950 m in the west to 78 m
in the east. The LP features a continental monsoon climate
region, and the mean annual temperature in this region
ranges from 4°C to 14°C. The long-term annual mean pre-
cipitation ranges from 200 mm in the northwest to 800 mm
in the southeast (Wang et al., 2010; She and Xia, 2018), and
most precipitation events occur from June to September
(Zhang et al., 2012). The annual mean PET in the LP is
estimated to be much higher than the annual mean
precipitation, and ranges from 865 mm to 1,274 mm
(Wu et al., 2018). The specific location and geographi-
cal information of the LP can be found in Figure 2.

In this study, the daily precipitation, near-surface
temperature, wind speed, humidity, pressure, root-zone
(0 ~ 100 cm) soil moisture, and ET data from 1979 to
2014 with a horizontal resolution of 0.25° x 0.25° are
employed for the identification of flash droughts. The
daily root-zone soil moisture and ET data are acquired
from the Global Land Data Assimilation System
(GLDAS) version 2.0 Catchment Land Surface Model
(CLSM) dataset  (https://disc.gsfc.nasa.gov/datasets)
(Rodell et al., 2004; Li et al., 2018). This dataset is simu-
lated from the Catchment Land Surface Model 3.3 and
contains a long-term series (from January 1948 to
December 2014) of land parameters with a spatial resolu-
tion of 0.25° x 0.25°. The input data of the GLDAS CLSM
dataset come from the Princeton meteorological forcing
dataset, which is constructed by bias correcting the pre-
cipitation, solar radiation, and air temperature observa-
tion and reanalysis data from the National Center for
Environmental Prediction (NCEP)/National Center
for Atmospheric Research (NCAR) (Sheffield et al., 2006;
Xia et al., 2019). The accuracy of the GLDAS ET and soil
moisture data in some northern areas of China has been
evaluated by some studies through comparisons with
observation data or other reanalysis datasets (Zhu and
Shi, 2014; Wang, Cui, et al., 2016; Bai and Liu, 2018). The
precipitation, near-surface temperature, wind speed,
humidity, and pressure are obtained from the China
Meteorological Forcing Dataset (CMFD), which is de-
veloped by the Institute of Tibetan Plateau Research,
Chinese Academy of Sciences (http://www.tpdc.ac.cn/zh-
hans/data/8028b944-daaa-4511-8769-965612652c49/)
(Yang et al., 2010; Yang and He, 2018; He et al., 2020).
The CMFD covers the region within 15-55°N, 70-140°E
and has a long time period (1979-2018) with a spatial
and temporal resolution of 0.1° X 0.1° and 3 hr, respec-
tively. This dataset contains precipitation, downward
shortwave radiation, downward longwave radiation, 2 m
air temperature, humidity, wind speed and surface pres-
sure data. This product was made through the fusion
of ground-based observations and gridded reanalysis/
remote sensing datasets. More specific information about
the CMFD can be found in the study of He et al. (2020).
Many studies have evaluated the accuracy of the CMFD
by comparing it with observation data or other reanalysis
datasets (Chen et al., 2011; Wang et al., 2017; Yang
et al., 2017; Li, She, et al., 2020).

In this study, according to the climatic conditions
and crop growing situation in the LP, only weeks
from April first to September 30th (26 weeks per
year) are analysed, so there are a total of 936 weeks
in the 36-year record from 1979 to 2014. The CMFD
product is resampled to the same spatial resolution
as the GLDAS CLSM dataset, and the weekly
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The frequency of occurrences of weeks under the flash droughts identified by (a) PMFDI, (b) SESR method, and (c) SMP

method. The dotted circles denote the high flash drought frequency regions [Colour figure can be viewed at wileyonlinelibrary.com]

hydrometeorological data are derived from the
corresponding gridded datasets.

3 | RESULTS
31 | Frequency of flash droughts
identified by three methods

Based on the weekly precipitation, PET, and root-zone
soil moisture data from April to September from 1979 to
2014, the weekly SPEI and SSI series of 26 weeks are
computed for the whole LP, and the LMI series for each
week are constructed with the corresponding SPEI and
SSI series. The flash droughts in the whole LP from 1979
to 2014 are identified by PMFDI, SESR, and SMP, respec-
tively. A similar range of FOC of flash droughts can be
identified by the three methods (Figure 3). The results of

the PMFDI in Figure 3 (a) indicate that the regions with
high FOC are mainly located in the far northwestern,
central and eastern LP, while the low frequency regions
are generally located in the western and northern LP. In
addition, most areas in the far northwestern, far north-
eastern and southeastern LP are also recognized as high
FOC regions by SESR and SMP methods as indicated in
Figure 3(b) and (c). Moreover, most western areas of LP
are identified as the low FOC regions by all three
methods. The similar results in three methods indicate
that PMFDI can identify some similar high and low FOC
regions as the other two methods.

However, there also exists some differences in FOC
spatial pattern of three methods. For example, the south-
central LP is identified as the high FOC region by SESR
method, but it is identified as a relatively low FOC region
by PMFDI and SMP method. Such a difference may be
caused by the different consideration to flash drought
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FIGURE 4 The weekly evolutions of (a) LMI percentile (%), (b) SESR percentile (%), (c) soil moisture percentile (%), (d) precipitation
anomaly (mm), (e) temperature anomaly (°C), and (f) ET anomaly (mm) in the 1991 flash drought event. The dates (in the form of year/

month/day) above each figure represent the onset time of this week (June 10, 1991 means the period from June 10, 1991 to June 16, 1991)

[Colour figure can be viewed at wileyonlinelibrary.com]

inducing factors in the three methods and the effect of
precipitation. As shown in Figure S1, the precipitation
amount is higher in the southwestern areas than the
northwestern areas. The relatively abundant precipitation
may replenish the soil water at the high rate of ET and
reduces the rate of soil moisture loss. Thus, the frequency
of flash droughts identified by the PMFDI and SMP
method may be lower in this region since both methods
consider the impact of the soil moisture on the occur-
rence of flash droughts. Such results also indicate that
different flash drought identification methods may affect
the FOC results to some extent. In addition, the FOC
results of PMFDI are generally consistent with the results
in the study of Liu, Zhu, Ren, et al. (2020), who found
that high FOC regions in the LP are mainly located in
the northern and southeastern regions.

3.2 | Typical flash drought events
identification

Two typical flash drought events are selected to explore
the performance of PMFDI in flash drought event track-
ing. The first one is the 1991 flash drought event provided
in the study of Liu, Zhu, Ren, et al. (2020), which
occurred from June 11th to July 23rd in 1991. Figure 4
provides the weekly evolutions of the LMI, SESR, soil
moisture, as well as some hydrometeorological variables
during this flash drought event. For convenience, we use
the combination of the week and date to indicate the
week starting from this date hereafter. For example, week
June 24th represents the week starting from June 24th to
June 30th. Figure 4 indicates that the western and central
areas present a quickly decreasing trend in LMI values
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from higher than 40th percentile to lower than 20th per-
centile in week June 24th. Such decreasing trends in LMI
values can also be found in the southern and northern
areas in the week July first. This result implies the migra-
tion and propagation processing of this flash drought
event from the western and central LP to the southern
and northern LP, which is consistent with Liu, Zhu, Ren,
et al. (2020). In addition, considering all criteria in the
SESR and SMP methods, the evolutions of SESR and soil
moisture in these weeks indicate the similar flash
drought propagation processing, which means that all
three methods can generally capture the evolution of this
flash drought event. Figure 4 also displays the changes in
the anomalies of some hydrometeorological variables. As
shown in Figure 4(d) and (e), the precipitation anomalies
are all negative, and the temperature anomalies rapidly
increase from negative values to positive values in week
June 24th. In addition, the soil moisture in some regions
also experience a sharp decrease in week June 24th, and
such a decrease in soil moisture is more obvious for many
regions in week July first. This result indicates that the
precipitation deficit and abnormally high temperature
may be closely related to the soil moisture shortage. In
addition, the ET anomalies are higher than zero in the
first 3 weeks but has been in the negative values since
week July first. As suggested by Liu, Zhu, Zhang,
et al. (2020) and Koster et al. (2019), the weekly evolution
of ET anomaly in this flash drought implies that the
increase in ET at the beginning of flash drought may be
related to the rapidly increasing temperature. The
changes of these hydrometeorological variables are also
consistent with the results in the study of Liu, Zhu, Ren,
et al. (2020), though their study used different datasets.
Another selected flash drought was the 1997 flash
drought occurred in the Gansu province (the western
areas and some central areas of LP, see Figure 2) from
August first to September 30th in 1997. It caused approxi-
mately 1.48 x 10° ton grain losses to the Gansu province
as recorded in the studies of Deng et al. (2007) and Ren
et al. (2013). The specific weekly evolutions of some key
variables are given in Figure 5. Figure 5 shows that the
LMI, SESR, and soil moisture in the central LP both rap-
idly decrease from high values to low values in week
August ninth, and such decreasing trends can be further
detected in the western LP in week August 16th, which
indicates that this flash drought have spread from the
central LP to the western LP. The migration and evolu-
tions of LMI, SESR, and soil moisture indicate that the
three methods can both identify this flash drought event
occurred in the western and central LP. However, there
is still some differences in the spatial patterns of LMI,
SESR, and soil moisture during the 1997 flash drought.
In week August 23rd, most areas in the Gansu province
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may be affected by this flash drought event as recorded in
the literature (Deng et al., 2007; Ren et al, 2013).
Figure 5 illustrates that in this week, the LMI values in
most western and central areas are less than 20th percen-
tile, while the SESR and soil moisture values in most of
these areas are higher than 20th percentile. In addition,
Figure 5(d) and (e) also indicate that in week August
23rd, the precipitation and temperature anomalies in
most central and western areas are in the negative and
positive values, respectively. This implies that the LMI
may response more rapidly to the abnormally changes in
hydrometeorological variables compare to SESR and soil
moisture. This rapid response in the LMI is likely due the
combined effects of incorporating precipitation deficits
with abnormally high surface temperatures and a short-
age in soil moisture. While SESR and SMP method indi-
rectly incorporate impacts associated with a lack of
precipitation, the inclusion of precipitation deficits
directly in the LMI may allow the LMI to respond more
quickly at the beginning of flash drought development.
Thus, the performance evaluation of PMFDI on FOC
identification and typical flash droughts tracking indi-
cates that the PMFDI has the ability to identify flash
droughts in the LP.

3.3 |
the LP

Characteristics of flash droughts in

The average duration of the flash droughts identified by
the PMFDI for the entire LP over the period from 1979 to
2014 are displayed in Figure 6 (a). It can be found that
the average durations of the flash droughts range from
3 to 7 weeks, and the flash droughts that occurred in the
southern areas generally have longer durations than
those in the northern LP. The intensity of each flash
drought can be calculated via Equation (4), and the spa-
tial distribution of the average intensity of flash droughts
identified by the PMFDI is presented in Figure 6(b). The
regions with high flash drought intensity are mainly
located in the western areas and some southern areas. In
addition, the flash drought intensity presents an increas-
ing trend from the east to the west. The total duration of
the flash droughts occurred in each calendar month for
each pixel during the period from 1979 to 2014 is accu-
mulated, and then the regional average value of the total
durations of flash droughts of all pixels is calculated for
each calendar month and displayed in Figure 7. The
regional multiple-year average duration of flash droughts
occurred in each calendar month vary from 1.66 to
7.07 weeks. August has the largest cumulative number of
weeks under flash drought, followed by May and July,
while September has the smallest cumulative number of
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FIGURE 5 The weekly evolutions of (a) LMI percentile (%), (b) SESR percentile (%), (c) soil moisture percentile (%), (d) precipitation
anomaly (mm), (e) temperature anomaly (°C), and (f) ET anomaly (mm) in the 1997 flash drought event [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 6 The spatial distribution of multiyear averaged duration (a) and intensity (b) of the flash droughts identified by PMFDI in the
LP during 1979-2014 (the smaller value in (b) indicates the higher intensity of flash drought) [Colour figure can be viewed at
wileyonlinelibrary.com]
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weeks under flash drought. The low regional average
durations of flash droughts that occurred in September
and some months are caused by a large number of pixels
with no flash droughts identified in these months.

Figure 8 presents boxplots of precipitation anomalies,
temperature anomalies, and soil moisture percentiles
1 week prior to onset, at onset, and 1 week after the end
of all the flash droughts identified by the PMFDI. The
changes in precipitation, temperature, and soil moisture
demonstrate the effects of flash droughts on the hydro-
meteorological variables. Compared to 1 week before the
onset of the flash droughts, the average values of the pre-
cipitation anomalies and soil moisture percentiles both
present decreasing trends, and the average values of the
temperature anomalies show increasing trends when
flash droughts occur. In addition, the mean values of the
precipitation and temperature anomalies both recover to
values close to zero, and the mean soil moisture percen-
tiles increase to relatively high values when the flash
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FIGURE 7 The cumulative number of weeks with flash

droughts identified by PMFDI for each month averaged over the LP
from 1979 to 2014 [Colour figure can be viewed at
wileyonlinelibrary.com]
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droughts terminate. The changes in precipitation, tem-
perature, and soil moisture demonstrate that the flash
droughts identified by the PMFDI have impacts on the
local hydrometeorological variables, which is consis-
tent with the definition of flash droughts and the find-
ings of other flash drought identification methods
(Mo and Lettenmaier, 2015; Yuan et al., 2019; Pen-
dergrass et al., 2020).

34 |
the LP

Trends in the flash droughts in

The average number of weeks with flash droughts identified
by the PMFDI per year over the entire LP is given in
Figure 9 to explore the interannual variability in the flash
droughts. The figure shows that there are more than
2 weeks with flash droughts in 1994, 1997, and 2001, while
1997 had the largest number of weeks with flash droughts.
The mean number of weeks with flash droughts exhibits an
increasing trend from 1979 to 2014, while this increasing
trend is not significant. To further investigate the trends in
the number of weeks under flash drought from 1979 to
2014 over the entire LP, we run the Mann-Kendall
(MK) test (Mann, 1945; Forthofer and Lehnen, 1981) on the
annual flash drought number series for each pixel
(Figure 10). Most southern areas and some northeastern
areas present increasing trends in the number of flash
droughts, while the regions with decreasing trends are
mainly located in some northern and western areas of the
LP. Furthermore, we also apply the MK test to the annual
mean precipitation, temperature, and root-zone soil mois-
ture to detect their trends over the period from 1979 to 2014
(Figure 11). The precipitation presents increasing trends in
most areas, especially in the western and central LP. Only
some southern areas show decreasing trends in precipita-
tion. Figure 11(b) shows that most areas of the LP present
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FIGURE 8 The boxplots of the precipitation anomaly (a), temperature anomaly (b), and soil moisture percentile (c) 1 week prior to
onset, at onset, and 1 week after the end of all flash droughts identified by PMFDI [Colour figure can be viewed at wileyonlinelibrary.com]
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significant increasing trends in temperature. Figure 11(c)
shows that the soil moisture in the southern and western
LP has decreased and increased, respectively. The spatial
patterns of the key factors inducing flash droughts in
Figure 11 show some connections with the results in
Figure 11. Most areas in the southern LP show decreasing
trends in both precipitation and soil moisture but increasing
trend in the number of weeks with flash droughts. Simi-
larly, most areas in the western LP present decreasing
trends in the number of weeks with flash droughts, while
increasing trends in precipitation and soil moisture are
detected in these regions.
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FIGURE 9 The number of weeks with flash drought identified
by PMFDI per year averaged over the entire LP from 1979 to 2014;
the red dashed line indicates the trend of the number of weeks
[Colour figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION
41 | Comparisons of the three flash
drought identification methods

In this study, we propose the PMFDI to identify flash
droughts in a probabilistic way via a multivariable tool
(ie., the LMI). Another two recently developed methods,
SESR, and SMP methods, are also employed to evaluate the
efficiency of the PMFDI in flash drought identification. The
evaluation results show that the PMFDI can identify some
similar high frequency and low regions as other two
methods, while the high frequency regions are generally
consistent with the study of Liu, Zhu, Ren, et al. (2020). Our
results also indicate that the three methods can basically
capture the migration and propagation of two flash drought
events occurred in 1991 and 1997, which demonstrates the
applicability of the PMFDI in flash droughts tracking.

As indicated by many studies (Mo and Lettenmaier,
2016; Otkin et al., 2018; Koster et al., 2019; Pendergrass
et al., 2020), anomalies in various hydrometeorological vari-
ables will largely alter the water cycle and land-atmosphere
feedback in specific regions and thus induce flash droughts.
For example, precipitation shortages, above-average temper-
atures, rapid decreases in soil moisture, or the comprehen-
sive effects of these variables both have the potential to
trigger flash droughts. Precipitation deficit may lead to an
insufficient water supply for plants and water bodies and
cause soil aridity and plant wilt. Abnormally high tempera-
ture can lead to a rapid increase in ET, which can accelerate
the decrease in soil moisture and ground water levels. A
rapid decrease in the soil moisture can cause crops to
wither and even die. Simultaneous abnormal changes in
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FIGURE 10 The spatial pattern
of the Mann-Kendall test results for
the weeks with flash droughts
identified by PMFDI over the period
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of 1979-2014 [Colour figure can be
viewed at wileyonlinelibrary.com|
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multiple variables have the potential to trigger or exacerbate
flash droughts (Pendergrass et al., 2020). The advantages of
the PMFDI mainly lie in that it can simultaneously consider
different variables inducing flash droughts as well as their
interaction and give a comprehensive judgement of abnor-
malities in multiple variables. Most current flash drought
identification methods ignore the interaction between mul-
tiple variables or only consider the effects of one or two var-
iables on the occurrence of flash drought, which may be
less accurate for the regions with complicated hydrometeo-
rological conditions. The LMI used in the PMFDI can
simultaneously consider changes in precipitation, tempera-
ture, and soil moisture in the identification of flash
droughts, which are the main hydrometeorological driving
factors of flash droughts (Ford et al, 2015; Otkin
et al., 2018). Thus, the LMI can be considered a comprehen-
sive result of multiple variables, which can provide a com-
prehensive judgement based on the changes in various
hydrometeorological variables. As indicated in Figure 4 and
Figure 5, the regions with significant changes in LMI are
generally consistent with the regions where precipitation,
temperature and soil moisture are both at the abnormal
levels. In addition, the LP is a well-known arid region
experiencing severe soil erosion and water shortages (Liu
et al., 2016). The droughts here are sensitive to changes in
both precipitation and soil moisture and can be altered by
the comprehensive influence of multiple hydrometeorologi-
cal variables (Wang et al., 2015; Liu et al., 2016). The basic
theory of the PMFDI makes it more suitable to illustrate
the comprehensive impacts of multiple variables on the
occurrence of flash drought in the LP.

4.2 | DPossible interaction between flash
droughts and vegetation in the LP

In the past several decades, the vegetation conditions in
the study area have largely changed by the applied Grain

to Green Program (GGP) in the central areas of the LP
since 1999, which aimed to change the agricultural areas
into grassland and forestland and to increase the amount
of vegetation cover in the region (Feng et al., 2016; Wang
et al., 2018; Zhang et al., 2018). Zhao et al. (2019) indi-
cated that the normalized difference vegetation index
(NDVI) showed a significant increasing trend of 0.0042
per year for the whole LP from 2000 to 2014, which
implied an increase in the amount of vegetation in the
LP. However, a decreasing trend in the soil moisture and
an increasing trend in droughts have been detected in the
LP since 2000 (Liang et al., 2018; Zhao et al., 2019).
The interaction and feedback between droughts, includ-
ing flash droughts, and vegetation are quite complex. On
the one hand, the occurrence of flash droughts, which is
generally accompanied by precipitation deficits, high
temperatures or soil moisture shortages, will have nega-
tive impacts on the growth of plants. On the other hand,
the frequency of flash droughts can be influenced by the
land use types. Figure 4 shows that the flash drought fre-
quency is lower in the central LP than in the northwest-
ern LP, while most agricultural areas in the central LP
changed into grassland and forestland because of the
GGP. As indicated by Christian, Basara, Otkin, Hunt,
Wakefield, et al. (2019), the possible reason for this result
may be that compared to grassland and forestland, the
flash drought frequency may be higher in the agricultural
regions because of a shallower root zone and a higher
rate of ET.

4.3 | Uncertainties in the PMFDI

There are still some uncertainty issues in the PMFDI that
deserve further discussion. One of these factors is the
influence of different time scales on the PMFDI results.
In this study, weekly data are employed in the PMFDI, as
this is the acceptable time scale of the SPEI suggested by
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Vicente-Serrano et al. (2017) and Gonzilez-Hidalgo
et al. (2018). The time scales of SESR method and SMP
method are both adapted from pentad to week, which
may cause some negative impacts on the results of these
two methods. However, as there is no evidence that the
SPEI and SSI can be applied on the pentad time scale,
the coarsening of the time scale of SESR method and
SMP method seems to be the only way to make the time
scale of the three methods the same. The feasibility of
using a smaller time scale in the PMFDI remains to be
further verified. Another issue that may create uncer-
tainty in the PMFDI results is the selection of the statisti-
cal distributions in the SPEI and SSI. In this study, we
select the log-logistic and gamma distributions, respec-
tively, among many statistical distributions (gamma,
log-logistic, log-normal, general extreme value, and
Pearson-III distributions) widely used in the calculation
of standardized drought indices (Mishra and Desai, 2005;
Mishra and Singh, 2010; Vicente-Serrano et al., 2010) for
the calculations of the SPEI and SSI in the LP, respec-
tively, while their applicability on weekly SPEI and SSI
calculation has also been evaluated by comparing with
some other distributions (Table S1). However, the best
choices for the frequency distributions used in the PMFDI
may be different in other regions, and different choices for
the frequency distributions will greatly impact the results of
the SPEI, SSI, and even the PMFDI. In addition, similar
to many previous studies (Yuan et al., 2019; Christian,
Basara, Otkin, Hunt, Wakefield, et al., 2019; Pendergrass
et al., 2020), reanalysis datasets, which are developed by
running large-scale models and data assimilation systems,
are used to identify flash droughts. Therefore, the accuracy
of these reanalysis datasets will probably influence the effi-
ciency of flash drought identification. The bias in the
reanalysis datasets will have some negative impact on the
efficiency of the flash drought identification results.

5 | SUMMARY AND CONCLUSION
In this study, we propose a framework to identify flash
droughts, named the PMFDI. The PMFDI is applied for
the identification of flash droughts during the growing
season (April to September) in the LP with the weekly
hydrometeorological data from 1979 to 2014. Two flash
drought identification methods, which were proposed by
Christian, Basara, Otkin, Hunt, Wakefield, et al. (2019)
and Yuan et al. (2019), are employed to evaluate the
effectiveness and efficiency of the PMFDI in flash
drought identification. The spatiotemporal characteris-
tics, as well as the trends in the flash droughts on the LP,
are also investigated and analysed in detail in this study.
The main conclusions of this study are as follows:

(1) The three methods can both identify the high fre-
quency flash drought regions are mainly located in the
far northwestern and eastern areas of the LP, while most
western areas of LP are identified as the low frequency
flash drought regions by all three methods. In addition,
the three methods can both identify the 1991 and 1997
flash drought events in the LP well. The results above
demonstrate that the acceptable performance of PMFDI
in flash drought frequency identification and typical flash
drought tracking. Moreover, the weekly evolutions of key
hydrometeorological variables in the two typical flash
drought events also indicate that PMFDI can give a com-
prehensive judgement based on multiple variables
compared to SESR and SMP methods.

(2) The spatial distributions of the average severity and
duration of flash droughts show that some western areas
have shorter durations and higher intensity than other
areas. The monthly characteristics of the flash droughts
show that the monthly cumulative number of weeks under
flash drought is highest in August and lowest in September.

(3) The trend analysis of the number of weeks under
flash droughts shows that the regions with increasing
trends in the number of flash droughts are located in
most southern areas and some northeastern areas, while
the regions with decreasing trends are mainly located in
some northern and western areas of the LP. The mean
number of weeks with flash droughts presents an increas-
ing trend from 1979 to 2014, which indicates the risk of
flash droughts with long durations in the future. The pre-
cipitation, temperature, and soil moisture trend analysis
indicate that the trends in the three variables are related
to the trends in the flash droughts in the LP.
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