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Abstract
Climate warming greatly affects the frequency and intensity of flash droughts, which can cause huge damage to agriculture. It is
important to understand the changing rules of future flash droughts and take precautionary measures in advance. Thus, we focused
on the flash drought characteristic of the Jinghe River basin using variable infiltration capacity (VIC) model and four-model
ensemble in the two representative concentration pathway scenarios. Four-model ensemble mean can well capture hydrological
changes in the reference period. The heat wave flash drought (HWFD) and the precipitation deficit flash drought (PDFD) mainly
occur in the northern during reference period. The HWFD and PDFD have shown a linear growth trend in the future and both
shown higher growth rates in the RCP8.5 scenario. The frequency of occurrence (FOC) increments of flash droughts were relatively
high in the southern Jinghe River basin. And the HWFD and the PDFD mainly occurred in May–September. Further results
indicate that the contribution of the maximum temperature to HWFD was the biggest (greater than 0.7), followed by evapotrans-
piration (ET) and soil moisture (SM). The contribution of maximum temperature to PDFD was the biggest (greater than 0.5),
followed by precipitation and ET. Global warming in the twenty-first century is likely to lead to intensification of flash droughts.
Therefore, measures and suggestions were proposed to effectively respond to flash droughts in our study.

Keywords The heat wave flash drought . The precipitation deficit flash drought . CMIP5 . VICmodel . Recommendations . The
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Introduction

There is no denying the fact that climate changes and human
activities are main reason of global warming (IPCC 2013).
The global warming has resulted to diversification in spatial-
temporal distribution and pattern of water resources at
different scales around the world, which has exacerbated the
occurrence of extreme droughts. Research by Gul et al. (2019)

has shown that climate change has a beneficial effect on agri-
cultural products in Chitral, and the opposite effect in some
other places. This highlights the importance of capturing
droughts in the future. The well-known conventional drought
can last more than several months (Mishra and Singh 2010).
However, if low SM content and high intensity ET occur
simultaneously with drought and heat wave events, drought
also occurred. And due to its sudden, abnormal intensity and
devastating impacts, it was called “flash droughts” (Ford et al.
2015; Mark et al. 2002). The frequency of flash droughts has
been increasing in the past few years and could cause tremen-
dous crop yield losses and threaten the ecological sectors (Jin
et al. 2019; Otkin et al. 2016). Studying the possible regular-
ities of flash drought characteristics is very important for cop-
ing with climate change and enhancing crop yield.

To quantify the risk of a flash drought, some methods need
to be used for identification. Drought index has been a major
choice for drought monitoring over the past years. The Palmer
Drought Severity Index (PDSI) and the standardized precipi-
tation evapotranspiration index (SPEI) were widely accepted
(Palmer 1965; Vicente-Serrano et al. 2010), but both of them
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were used to analyze the trends and characteristics of long-
term drought through the monthly temperature and
precipitation of observed data, and unable to effectively
monitor the flash droughts. In recent years, scholars began to
try various methods to define flash droughts. Basara et al.
(2019) applied the standardized evaporative stress ratio
(SESR) to summarize the spatiotemporal characteristics and
evolution of flash droughts in the USA. Mozny et al. (2011)
calculated the Soil Moisture Index (SMI) of the
Czech Republic to study variations in flash droughts based
on observed values of soil humidity in different soil layers.
Liu et al. (2020) defined flash droughts by concentrate on
decay rate of soil moisture percentile per week. These studies
only capture flash droughts from the perspective of soil mois-
ture or evapotranspiration. Flash droughts require a compre-
hensive assessment by definition. Therefore, we use tempera-
ture, precipitation, evapotranspiration (ET), and soil moisture
(SM) indicators to evaluate flash droughts. However, SM and
ET observations with daily time steps are difficult to obtain.
Although the land surface model has error and uncertainty, it
is still an effective tool for simulating SM and ET which are
necessary to capture flash droughts. The VIC model can sim-
ulate the hydrological cycle and energy flux at the watershed
scale to obtain accurate daily weather data (Liang and
Lettenmaier 1994). For example, Zhang (2009) found that
the VIC hydrological model can simulate the spatial distribu-
tion of soil moisture in China. In addition, Zhang et al. (2017)
obtained SM and ET by running the VIC in the study of flash
droughts in Ganjiang River Basin, and thought that the soil
moisture simulated and output by VIC model could be better
used in the analysis of flash drought characteristics. So the
VIC hydrological model was considered to be one of the good
tools for obtaining daily data.

Global warming was likely to make the climate drier, mak-
ing extreme events more common (Liu et al. 2019). As an
effective tool for exploring future climate change, the
Coupled Model Intercomparison Project Phase 5 (CMIP5)
contains many climate models, which have greater advantages
than CMIP3 (Taylor et al. 2012). So many scholars began to
use CMIP5 models to study past and future droughts in
different regions. Ullah et al. (2019) used the CMIP5 models
and crop model to quantify and predict climate change and its
impact on agricultural products in arid and semi-arid climate
conditions. Sun et al. (2019) have predicted four conventional
droughts in the Yangtze River basin based on ten climate
models and SWAT model. But they are used to calculate
long-term droughts, and few studies have used CMIP5 to pre-
dict future flash droughts, especially semi-humid and semi-
arid regions. Exploring the driving factors behind droughts
has important reference value for proposing measures. For
example, Liu et al. (2016) used the method of partial correla-
tion analysis to analyze the driving factors of drought charac-
teristics in Jiangsu Province, but there is still a lack of research

on the main control factors of spatial differentiation and the
contribution rate. Geodetector can detect spatial stratified het-
erogeneity through statistical methods, reveal the driving fac-
tors behind a phenomenon, and analyze the explanatory de-
gree of dependent variables to independent variables (Wang
and Xu 2017). Geodetector can detect numerical data and
qualitative data, and was widely used in ecological landscape,
natural disasters, economics, and other fields (Chen et al.
2020; Gao et al. 2020; Wang et al. 2016a, b).

The Jinghe River basin is not only a well-known grain-
producing area in Northwest China but also a region with
frequent drought events in the semi-humid and semi-arid re-
gions (Zhang et al. 2016; Tang et al. 2019). The Jinghe River
basin has suffered from 110 drought disasters in the Ming
Dynasty (277 years), with an average of 2.52 years (Lv and
zhao 2009). Dryness without warning may restrict crop
growth, which may lead to reduced crop yields or crop failure
(Liu et al. 2015a). Long et al. (2012) found that the risk of
agricultural drought in the Jinghe River basin is higher. Liu
et al. (2015b) used the CMIP5 to analyze the temporal-spatial
trends and characteristics of future climate change factors in
the Jinghe River basin. However, few people are currently
studying the flash droughts in the Jinghe River basin.
Therefore, four CMIP5 models under two representative con-
centration pathways (RCP4.5 scenario and RCP8.5 scenario)
were used to input into the hydrologic model of Variable
Permeability Capacity to forecast the flash droughts char-
acteristics in the Jinghe River basin and explore the driv-
ing factors of flash droughts.

In our research, downscaled CMIP5 models and VIC mod-
el were used to forecast the characteristics of flash drought that
was defined using ET, SM, and temperature in the Jinghe
River basin in the next 30 years. Our main objectives are to
(1) assess the applicability of the VIC model and the simula-
tion capability of the four-model ensemble mean; (2) summa-
rize the temporal-spatial characteristics of HWFD and PDFD
under RCP4.5 and RCP8.5 scenarios; and (3) use geodetector
to explore the driving factors of flash droughts and propose
preventive and remedial measures to reduce economic losses.

Data sources and research methods

Study basin

The Jinghe River basin (106 ° 14′~108 ° 42′, 34 ° 46′~37 ° 19′)
spans Ningxia, Gansu, and Shaanxi provinces, with developed
agricultural production. It is the main production base of ag-
ricultural products, livestock products, and fruit in the two
provinces of Shaanxi and Gansu. The total length is 455 km,
and the basin area is 45,421 km2. The Jinghe River basin has a
continental monsoon climate, and the rainfall and temperature
gradually decrease from southeast to northwest. The annual
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average precipitation of the river system is 506.8 mm, and the
annual average temperature is about 10 °C. In addition, due to
the impact of topography, in the south side of the mountain,
rainfall is higher than that in the north. Since 2000–2015, flash
droughts occurred more than ten times in the entire basin,
which has caused serious damage to crops (Fig. 1).

Hydrological modeling and input data

As a typical land surface hydrological model, VIC can com-
prehensively consider topographic, soil, vegetation, climate,
and land cover and other factors in the basin. The VIC-3L
model used in Jinghe River basin considered three layers of
soil in the vertical direction, and the top layer of soil is a thin
layer of soil that describes the dynamic changes in rainfall and
increases the interlayer circulation (Liang and Lettenmaier
1994). Compared to other similar models, the VIC model
has the advantage of being based on physical interpretation
and has wide applicability to different climate zones (Wen
2017; Ma et al. 2019; Shayeghi et al. 2019).

The data needed by the VIC models include land cover,
topography, vegetation information, and climatic factors. The
land cover data at 30-m resolution was derived from the data

center for Resources and Environment Data Cloud Platform
(http://www.resdc.cn/). Topography data with a resolution of
30 m, that is, the digital elevation model, comes from the
geospatial data cloud (http://www.gscloud.cn/). The
vegetation information with a resolution of 1 km used in this
research was derived from the University of Maryland. Soil
data with a resolution of 1 km were derived from the world
soil database (HWSD). The precipitation and temperature data
were derived from the China Meteorological Data Service
Center (http://data.cma.cn/), covering the period from 1976
to 2015. The soil moisture data and evapotranspiration data
come from GLDAS v2.1/Noah, whose spatial resolution is 0.
25 degrees. GLDAS v2.1/Noah (https://earthdata.nasa.gov/
search?q=GLDAS+v2.1%2FNoah) data is mainly used to
compare and verify the reliability of the soil moisture data
and evapotranspiration data simulated in the Jinghe River
basin in the VIC model.

CMIP5 models

The NASA Earth Exchange Global Daily Downscaled
Projections (NEX-GDDP) dataset has been treated by statisti-
cally downscaled and bias corrected for 21 original CMIP5

Fig. 1 Jinghe River basin with
hydrological and meteorological
stations
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models. The spatial resolution of each climate model is 0.25 ×
0.25 and can be downloaded from Internet (https://www.nccs.
nasa.gov/services/climate-data-services).

In order to calculate flash droughts in Jinghe River basin,
we inputted NEX-GDDP data into the VIC that has been
calibrated. And we have selected four CMIP5 models from
reference period (1976–2005) and future period (2031–2060)
respectively. In particular, the future period contains two sce-
narios (RCP4.5 and RCP8.5), and each scenario contains four
CMIP5 models. It was as shown in Table 1.

Drought and heat wave indices

In this paper, maximum temperature (Tmax), minimum tem-
perature (Tmin), precipitation, SM and ET were used to ex-
plore flash droughts characteristics. SM and ET were derived
from the VIC hydrological model. In the soil moisture re-
search, the standard soil moisture depth is 5 cm, 10 cm,
20 cm, 50 cm, 100 cm, and 200 cm (Bell et al. 2013). First,
research by Mo et al. showed that the use of 1-m-deep soil
moisture can effectively capture flash droughts. Secondly, the
Jinghe River basin was dominated by cultivated land. The soil
moisture of 1 m deep canmeet the needs ofmost crop roots for
moisture and nutrient absorption (Natural Resources
Conservation Service 2005). Therefore, we used 1-m-deep
soil moisture to capture flash droughts. Because those meteo-
rological data have a huge impact on the growth and develop-
ment of plants, such flash droughts will affect the flowering
and pollination of crops, resulting in a large reduction in crop
yields. Therefore, this study focused on the characteristics of
flash droughts from March to October (crop growth period).
We adopted pentad time scale (5-day average) to study the
flash droughts. There are 49 pentads each year, 1470 pentads
in the reference period (1976–2015), and 1470 pentads in the
future period (2031–2060). Flash droughts can be divided into
HWFD and PDFD. HWFD is mainly driven by temperature.

The Tmax anomaly is greater than one STD, which represents
a high-temperature situation. When a HWFD appears, the
temperature has risen markedly and rapidly. High tempera-
tures cause the increase of ET, which in turn makes SM below
40%. The threshold of 40% of soil moisture represents the
start of local dryness compared with normal conditions, which
can effectively capture flash droughts in China (Liu et al.
2020; Zhang et al. 2017; Wang et al. 2016a, b; Mo and
Lettenmaier 2015). PDFD is mainly driven by precipitation.
When a PDFD occurs, insufficient precipitation begins to ap-
pear about two pentads before the onset and its intensity in-
creased during onset. Precipitation anomalies below 40% are
at the beginning of drought (Zhang et al. 2017; Mo and
Lettenmaier 2016; Chen et al. 2016; Fu and Jin 2012).
Insufficient precipitation kept SM and ET at low levels,
leading to higher temperature. According to Mo and
Lettenmaier (2015, 2016) and Zhang et al. (2017), the criteria
for HWFD and PDFD are as follows in in sequence:

Tmax anomaly > 1 STD;ET anomaly > 0; and SM

< 40th percentile ð1Þ
Tmax anomaly > 1 STD;ET anomaly < 0; and P

< 40th percentile ð2Þ

In the formulas, Tmax anomaly is the anomaly of the max-
imum temperature; STD is the standard deviation; SM% is the
percentile of soil moisture during study period; and P is the
percentile of precipitation during study period.

In this study, the FOC of flash droughts was calculated
based on the pentad time scale and grid space scale. Equation:

FOC ¼ F
F total

� 100% ð3Þ

where Ftotal represents the amount of total pentads (1470 pen-
tads) in the reference period and in the future period

Table 1 CMIP5 models used in this study

Model Institute NEX-GDDP resolution(lon × lat) scenarios

CNRM-CM5 Centre National de Recherches Météorologiques/Centre
Européen de Recherche et Formation Avancée en
Calcul Scientifique, France

0.25° × 0.25° Reference
RCP4.5
RCP8.5

INMCM4 Institute for Numerical Mathematics, Russia 0.25° × 0.25° Reference
RCP4.5
RCP8.5

MIROC-ESM Japan Agency for Marine-Earth Science and Technology,
Atmosphere and Ocean Research Institute, Japan

0.25° × 0.25° Reference
RCP4.5
RCP8.5

MRI-CGCM3 Meteorological Research Institute, Japan 0.25° × 0.25° Reference
RCP4.5
RCP8.5

40373Environ Sci Pollut Res  (2020) 27:40370–40382

https://www.nccs.nasa.gov/services/climateata-ervices
https://www.nccs.nasa.gov/services/climateata-ervices


respectively and F represents the amount of pentads that flash
droughts occurrences during the entire period.

Results

Evaluation of the performance of VIC model and
CMIP5 models

Model evaluation is a necessary means to quantify its output
reliability. These outputs are considered to be reliable if the
evaluation statistics fall within the allowable limits (Moriasi
et al. 2007). Relative error (RE) and Nash-Sutcliffe efficiency
(NSE) are widely accepted tools for validating the simulation
effects of hydrological models (Nash and Sutcliffe 1970).
When NSE is closing to 1 and RE is closing to 0, the model
is suitable for this study area.

In this study, 2000–2005 was used as the model warm-up
period, 2006–2010 as the model calibration period, and 2011–
2015 as the model verification period to check the operation
results. VIC model runs daily data, and the results were sum-
marized as the month stream flow of Zhangjiashan
Hydrological station, which is the main stream of this research
area. From Table 2, we can see the simulation performance
results of the VIC model in this study area. The REs between
the observed and simulated stream flow were less than 0.05
and the NSE coefficients were all above 0.75. The observed
and simulated stream flow from 2006 to 2015 at the
Zhangjiashan Hydrological Station is shown in Fig. 2. The
simulated monthly values can basically capture the character-
istics of actual stream flow. In order to verify the reliability of
other data in this study, we made a correlation analysis be-
tween the VIC model data results (soil moisture and evapo-
transpiration) and GLDAS v2.1/Noah data. When the signif-
icance level P is less than 0.05, correlation coefficient is above
0.78 between VIC model outputs and GLDAS v2.1/Noash
data for ET and SM (Fig. 3). In general, the simulation results
of the VIC model can well reflect the hydrological character-
istics in Jinghe River basin.

In order to perform future simulations, we compare the
CMIP5 data with the observed values during the reference
period (1976–2005) firstly, as shown in Fig. 4. The four-
model ensemble mean undervalued some precipitation peaks,
but it was basically consistent with the observed values and r

was 0.78 (Fig. 4a). For Tmax and Tmin, The r between four-
model ensemble mean values and observed values was above
0.95 (0.98 and 0.99 for Tmax and Tmin, respectively). Both of
the Tmax and Tmin derived from CMIP5 were matched well
with observed values (Fig. 4b, c). At the same times, the dis-
tribution range of the four-model ensemble mean were also
relatively consistent with the observed values. In conclusion,
the downscaled four-model ensemble mean can be used to
predict flash droughts in this research area.

Variations in time series of flash droughts

The inter-annual process of flash droughts in this research area
can be seen in Fig. 5. Based on the VIC model, the FOC of
flash droughts from 1976 to 2005 was used as a reference
period. HWFD generally grown significantly in both repre-
sentative concentration pathways. Under the RCP8.5 scenar-
io, mean of HWFD FOCs has grown at a rate of 9.848 from
2031 to 2060. However, the mean values increased only at a
rate of 0.967 in the RCP4.5 scenario from 2031 to 2060. The
standard deviation ratios of future climate scenarios and ref-
erence period for HWFD occurrences were above 1. This
showed that the FOCs of HWFD will fluctuate greatly in the
future with global warming. The standard deviation ratio in
the RCP8.5 scenario was 2.19, whereas in the RCP4.5 scenar-
io it is 1.08. This means that under the RCP8.5 scenario, the
climate conditions are more volatile and it is more difficult for
HWFD to accurately warn in advance.

At the same time, we also calculated future changes in
PDFD in the Jinghe River basin (Fig. 6). It can be known from
the calculation results that the drought in the Jinghe River
basin was increasing rapidly. Under RCP8.5 scenario, mean
values for flash droughts increased faster than those under the
RCP4.5 scenario, which increased at a rate of 5.991 and 2.977
respectively. The standard deviation ratios of both two climate
scenarios and reference period for PDFD occurrences were
also above 1. This showed that the FOCs of PDFD will also
fluctuate greatly in the future. In addition, the standard devia-
tion ratios of PDFD FOCs were smaller than those of HWFD
FOCs under RCP8.5 scenario, but the opposite was true in the
RCP4.5 scenario. This suggested that PDFD FOCs were
greater stable than HWFD FOCs under RCP8.5 scenario and
poorer stable than HWFD FOCs under RCP4.5 scenario.

The differences in monthly mean FOCs between future
scenarios (RCP4.5 and RCP8.5) and reference period
(1976–2005) are shown in Fig. 7. The FOCs of HWFDwould
generally increase from May to September (Fig. 7a). July and
August were most vulnerable to HWFD. The FOCs of HWFD
in the RCP8.5 scenario were generally higher than those in
other scenarios. It is worth mentioning that the FOCs of
HWFD in July were the highest in the reference period. The
FOCs of PDFD would generally increase from May to
September (Fig. 7b). The basin was vulnerable to PDFD from

Table 2 Performance of VIC model for stream flow simulation for
Zhangjiashan Hydrological station

Hydrological station Calibration period Validation period

RE NSE RE NSE

Zhangjiashan 0.006 0.79 0.05 0.82
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June to August and PDFD occurs most frequently under the
RCP8.5 scenario, followed by RCP4.5 scenario and reference
period.

Spatial variation features in flash droughts

This section used the above identification approaches to study
the spatial characteristics of flash droughts. Spatial pattern of
flash droughts from March to October in the historical period
can be seen in Fig. 8. According to our research, the variation
range of FOC of HWFD in the Jinghe River basin during the
historical period was generally between 7 and 12%. The FOC
of HWFD in the south of the basin was less than 9%.
However, in the northern of the basin, the FOC of HWFD
reached 9–12%. Thus, the probability of HWFD was higher
in the north of basin. The FOC of PDFD experienced more
and varied between 9 and 15%. The FOC of PDFD decreased
in order from north to south. It indicates that PDFD was also
more likely to occur in the north of basin. We also found that
the overall FOC of PDFD was higher than that of HWFD.

The spatial FOC changes of flash droughts under three
scenarios (RCP4.5, RCP8.5, and RCP8.5–RCP4.5) are shown
in Fig. 9. The FOC increments for HWFD showed a stepwise
distribution, with the highest frequency occurring in the south
of the Jinghe River basin. The FOC increments were projected
to decrease by 0–8% in north and increase by 0–10% (even up
to 20%) in some places in southern of the Jinghe River basin
under RCP4.5 (Fig. 9a). Compared with the RCP4.5, the
range of the FOC increments in the RCP8.5 was not changed
much, but the area that the FOC increments (increase by 0–
10%) has increased (Fig. 9b). If the future climate scenarios
rise from the RCP4.5 to the RCP8.5, the FOC increments of
HWFD are forecasted to increase throughout the Jinghe River
basin, with the larger increase by 2–3.6% in the mid-southern
of the basin (Fig. 9c). For PDFD, the FOC increments of
PDFD were forecasted to increases by 0–4% in most of the
basin in the RCP4.5, and the largest increase in some areas
was 6.3% (Fig. 9d). Compared with the RCP4.5, the range of
the FOC increments in the RCP8.5 does not changed much,
but the area that the FOC increments (increase by 4–8.3%) has
increased (Fig. 9e). If the future climate scenarios rises from

Fig. 2 Calibration of VIC model
of Jinghe River basin from 2006
to 2015

Fig. 3 Comparison of output
results of VICmodel andGLDAS
in 2015 (P < 0.05)
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the RCP4.5 to the RCP8.5, the FOC increments of PDFD are
forecasted to increase throughout all of the basin, and largest
increase are 2–3% in the southern of the basin (Fig. 9f).

In summary, the FOC increments of HWFD de-
creased in the northern region, but increased in the
southern region in the RCP4.5 and RCP8.5. The FOC
increments of PDFD were forecasted to increase in most
areas, while decrease in some areas in the RCP4.5 and
RCP8.5 scenarios. If the future climate scenarios rise
from the RCP4.5 to the RCP8.5, HWFD and PDFD
are forecasted to increase by 3% in most of the basin.

There was a significant negative correlation between refer-
ential FOC and future increments for flash droughts in the
matter of spatial distribution. As is shown in Fig. 10, the r
was less than − 0.7 for HWFD, while the r of PDFD was less
than − 0.5. This shown that the correlation of FOCs between
reference periods and future increments was more significant
for HWFD than for PDFD. There was an obvious phenome-
non that massive increases in low-value areas (< 10% FOCs in
HWFD and < 14% FOCs in PDFD during reference period)
corresponding to both types of flash droughts under RCP4.5
and RCP8.5 scenarios, especially for HWFD. If the climate

Fig. 4 CMIP5 model
downscaling data simulates
monthly changes in precipitation,
maximum temperature, and
minimum temperature from 1976
to 2005

Fig. 5 Number of FOCs under
HWFD per year sum in the Jinghe
River basin based on multi-model
ensemble simulation (P < 0.05).
std1 represents the standard devi-
ation. stdhis stands for reference
period
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scenarios increase from RCP4.5 to RCP8.5, there is no signif-
icant correlation between the reference period and future in-
crements for HWFD and PDFD. However, the HWFD FOC
increments increased by about 20% when the FOC of HWFD
varies between 8 and 11% in the reference period. The PDFD
FOCs increments increased by 5–10% when the FOC of
HWFD varies between 11 and 14% in the reference period.

Discussion

Discussion on the causes of flash droughts

Flash drought is an agricultural drought characterized by rapid
occurrence and short duration. As the main food supply area,
Jinghe River basin is of great significance to study the tempo-
ral and spatial distribution of its sudden drought. The research
results show that the northern of the basin was prone to both
HWFD and PDFD, and the flash droughts mainly occurred
from May to September. It is worth noting that the FOC of
PDFD was higher than that of HWFD, contrary to the Zhang
et al. (2018). We infer that the Jinghe River basin is located in
northwestern China and belongs to semi-humid and semi-arid
area. Precipitation deficit makes it more vulnerable to PDFD.

Both of the HWFD and PDFD showed a nonlinear increase
in the future, and the growth was faster in RCP8.5 scenario.
Because of the influence of radiation forcing, different

scenarios predicted different heating rates (Meinshausen
et al. 2011), which will lead to a certain degree of fluctuation
rise in precipitation and temperature. Geodetector is a new
statistical method to reveal the driving factors behind the event
(Wang and Xu 2017). Thus, this article further explored the
contribution of variables to flash droughts using Geodetector.
The results are shown in Table 3. For HWFD, the contribution
of Tmax to the flash droughts was the biggest. As different
scenarios show different warming trends, the contribution of
Tmax to HWFDwas slightly different. For PDFD as shown in
Table 4, the contribution of ET and P was the biggest in the
reference period, while the contribution of Tmax was the big-
gest in the RCP4.5 and RCP8.5 scenarios. We thought the
possible reason is that PDFD is driven by precipitation, but
its frequency increase trend is related to high temperature (Mo
and Lettenmaier 2016). At the same time, we found that in
reference low-value areas, the FOC increments of flash
droughts in the future increased significantly. Nonlinearity
increase of extreme events may hap pen globally or regionally
under different global warming thresholds (Good et al. 2016;
Schleussner et al. 2016).

The difference between flash droughts and
conventional droughts

Flash drought was known for its rapid occurrence, which has a
devastating effect on the critical period of crop growth. Under

Fig. 6 Similar to Fig. 4, but for
PDFD

Fig. 7 Monthly statistics in FOCs
for HWFD and PDFD in the
entire Jinghe River basin. Multi-
model ensemble mean is calcu-
lated with 30-year average against
different scenarios (reference pe-
riod, RCP4.5, and RCP8.5).
P < 0.05
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normal circumstances, flash droughts last for 1 to 2 weeks
without any warning. There are four types of conventional
droughts that people call meteorological drought, agricultural
drought, hydrological drought, and economic drought.
Although the definitions of the above four drought types are
different, they all revolve around the key point that they are all
phenomena of regional hydrological imbalance caused by the
lack of precipitation and the abnormally dry weather lasting
for a long time (AmericanMeteorological Society 1997; Yuan
and Zhou 2014). Therefore, there are two main differences

between flash droughts and conventional droughts. First, they
are inconsistent in time. Flash droughts occur in a relatively
short time, usually 1 or 2 weeks. The conventional drought
time scale is generally 1 month, 3 months, 12 months, or even
12 months. Second, from the definition of flash droughts, it
generally requires a positive temperature anomaly (that is high
temperature). However, conventional droughts only require a
lack of precipitation for a period of time. More importantly,
there is no inevitable connection between it and high temper-
ature. In summary, flash drought is a new type of drought.

Fig. 9 Future changes relative to
the reference period in FOCs for
HWFD and PDFD under RCP4.5
and RCP8.5 scenarios and
another situation (change of
RCP8.5 relative to RCP4.5
scenario)

Fig. 8 Downscaled CMIP5–VIC
simulation FOCs of flash drought
duringMarch–October from 1976
to 2005. Unit: percentage
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Recommendations of flash droughts

The Jinghe River basin has developed agriculture and fragile
ecological environment (Ran and Wu 2003). Once a flash
drought occurs without warning, it will cause immeasurable
losses to the Jinghe River basin. Some preventive and reme-
dial measures are urgently needed to reduce economic losses
in the basin.

First of all, the HWFDwill be further strengthened in south of
basin. Continuous high temperature and low rainfall will easily
cause drought to affect the growth and development of plants,
resulting in a decline in the agricultural yield and quality. The
high temperature and hot summer weather accompanied by at-
mospheric drought and soil deficit occurred, which caused the
occurrence of severe drought or aggravated the severity of
drought and severely damaged the crops. Therefore, this study
proposes the following suggestions for the HWFD: (1) The pre-
diction of high-temperature heat waves and the release of early
warning should be strengthened; (2) Establishing a system for

monitoring, assessment, and reporting high-temperature heat
waves and soil moisture; (3) Establishing a unified command
system and a coordinated emergency plan for relevant depart-
ments. Secondly, the predicted PDFD have rapidly increased in
almost the entire basin. The sensitivity of crops to water varies at
different stages of growth (Liu et al. 2015a). Some studies have
shown that the physiological process of crops is complicated
during the period of pistil formation and flowering grouting
and is most susceptible to drought (Ding and Jia 2001). PDFD
seriously affects the growth and development of crops, which
may lead to serious crop loss or failure. There are some sugges-
tions for PDFD: (1) Cultivate crops that are compatible with local
climate conditions and beneficial to people. The occurrence of
drought mainly depends on the anomaly of precipitation, not the
amount of local average precipitation (Gong 1998). Although
climate change can also cause yield fluctuations, it can meet
the needs of crop growth in most cases. (2) We can collect
precipitation using reservoirs, etc. Irrigation during the critical
period of water demand for crops to resolve the contradiction

Fig. 10 Curve fitting graph of Jinghe River basin FOCs for HWFD and PDFD against different future scenarios (RCP4.5, RCP8.5, and RCP8.5–
RCP4.5) relative to the reference period. x-axis is reference FOCs and y-axis is changes in future FOCs

Table 3 Contribution of various hydrological variables to HWFD

Factors Reference period RCP4.5 RCP8.5

Tmaxa 0.71 0.92 0.93

ETb 0.43 0.85 0.87

SMc 0.38 0.67 0.67

a Tmax, b ET, and c SM are abbreviations for maximum temperature,
evapotranspiration, and soil moisture, respectively

Table 4 Contribution of various hydrological variables to PDFD

Factors Reference period RCP4.5 RCP8.5

Tmax 0.78 0.57 0.56

ET 0.86 0.25 0.23

Pd 0.86 0.27 0.28

d P is abbreviations for precipitation
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between water demand and precipitation time misalignment. (3)
By adding organic fertilizers to improve the soil structure and the
soil is covered with straw to prevent ineffective losses such as
evaporation to accumulate water. (4) Improve the irrigation sys-
tems. Improve ground irrigation and promote water-saving mi-
cro-irrigation technology to improve irrigation efficiency.

Uncertainty analysis

There are some uncertainties in the prediction of flash
droughts in this study area, including CMIP5 models and the
NEX-GDDP dataset. The CMIP5 models we used have large
uncertainties in different models when predicting future flash
droughts, even if multi-model ensemble mean we used can
effectively simulate reference meteorological variables. The
range of uncertainty is generally affected by the original
CMIP5 models and various downscaling methods (Taylor
et al. 2012; Mezghani et al. 2019; Yue et al. 2019). Multi-
model ensemble mean can effectively decrease those uncer-
tainties of the CMIP5 model and improve the ability to simu-
late and predict hydrological conditions in the basin (Ahmed
et al. 2019; Noor et al. 2019; Terada et al. 2020). The NEX-
GDDP dataset (downscaled by the bias correction method)
used in this paper has been well accepted (Abiodun et al.
2019; Singh et al. 2019; Thrasher et al. 2012). However, be-
cause flash drought was defined by a combination of multiple
hydrological variables, even small errors in hydrological var-
iables during the downscaling of the NEX-GDDP dataset will
magnify errors in flash drought simulations (Zhang et al.
2018). And we need to further strengthen the research on the
mechanism of flash droughts and establish a soundmonitoring
and early warning system for informing drought policy-
making to reduce drought impacts in the Jinghe River basin.

Conclusions

Flash drought is a newly discovered agricultural natural disas-
ter in recent years, which can cause serious damage to human
society and economy. Therefore, we need to focus on flash
droughts, especially on the basin scale. In this paper, the
downscale CMIP5 and VIC model were used to predict the
FOCs of flash droughts in the next 30 years. The paper fo-
cused on the temporal-spatial characteristics of HWFD and
PDFD in Jinghe River basin.

1. VIC model and four-model ensemble mean can well sim-
ulate the hydrological condition of Jinghe River basin.

2. The FOCs of HWFD and PDFD showed a nonlinear in-
crease in the next 30 years. Both of the HWFD and PDFD
shown higher growth rates in the RCP8.5 scenario. And
flash droughts mainly occurred in May–September.
HWFD FOCs are projected to occur most in July and

August, and PDFD FOCs are projected to occur most in
June–August.

3. In the past, HWFD and PDFD mainly occurred in the
north of the basin and the overall FOC of PDFD was
higher than that of HWFD. In the future, there are massive
increases in reference low-value areas corresponding to
both types of flash droughts under three scenarios
(RCP4.5, RCP8.5, and RCP8.5–RCP4.5), especially for
HWFD.

4. Tmax contributes the most to HWFD and was the main
driving factor. For PDFD, the contribution of ET and P
was the biggest in the reference period, while the contri-
bution of Tmax was the biggest in the RCP4.5 and
RCP8.5 scenarios. This study suggests that early warning
and countermeasures should be taken from both high tem-
perature and precipitation.
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