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A B S T R A C T

Flash droughts negatively impact agricultural ecosystems and threaten food security due to their rapid devel-
opment and unpredictability. This study utilized reanalyzed data from 2000 to 2018 and employed a compre-
hensive index method to identify two flash droughts: heat wave flash droughts (HWFD) and precipitation deficit 
flash droughts (PDFD). We analyzed the spatiotemporal evolution of these droughts across China’s farmland 
ecosystems and investigated the response patterns of these ecosystems to both types of flash droughts using 
response frequency and response time metrics. Our findings indicate that between 2000 and 2018, flash droughts 
were most frequent in June, with the highest frequency and most extended duration occurring in summer and the 
lowest in autumn. Spatially, HWFD frequency was highest in the Loess Plateau, with durations of 4.4 and 5.0 
octads, while PDFD was most frequent in the Gansu-Xinjiang (GX) and Huang-Huai-Hai (HHH) regions. Over 
time, there was a decrease in the frequency and duration of flash droughts. The study revealed that Net Primary 
Productivity (NPP) generally exhibited a low response frequency to flash droughts, with PDFD showing a higher 
response frequency and a shorter response time than HWFD. Irrigated farmland showed higher NPP response 
frequencies, particularly in the HHH region, whereas rainfed farmland demonstrated stronger resilience to flash 
droughts. This research provides theoretical support for developing flash drought early warning systems and 
drought mitigation policies, significantly contributing to food security in China’s farmland ecosystems.

1. Introduction

Flash drought is a typical drought event that occurs suddenly and 
intensifies rapidly due to high temperatures and below-normal precip-
itation. It is often accompanied by a sharp decline in soil moisture, 
which can lead to severe agricultural losses because of the lack of early 
warnings (Tyagi et al., 2022; Gerken et al., 2018; Liu et al., 2020; Yuan 
et al., 2018). For example, the severe flash drought in the United States 
in 2012 induced the drop of corn yield to the lowest level since 1995, 
resulting in direct economic losses amounting to hundreds of billions of 

dollars (Otkin et al., 2016). China has also experienced many flash 
drought events in recent years (Yuan et al., 2015; Ren et al., 2023). In 
the context of global warming, flash droughts are expected to occur 
more frequently (Yuan et al., 2023; Mahto and Mishra, 2023). Therefore, 
studying the changes in flash droughts in farmland is important for 
agricultural management and food security.

The indices used to define and quantify flash droughts must reflect 
the short-term variability of the variables involved. Currently, there are 
three main methods for identifying flash droughts. The first method is 
the integrated index approach, which involves using multiple indicators 
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to identify flash droughts based on their values over a specific period. 
Mo and Lettenmaier (2015, 2016) proposed the uses of temperature, 
evapotranspiration, and soil moisture on a pentad scale to identify heat 
wave flash droughts (HWFD) and precipitation deficit flash droughts 
(PDFD) together. The second method emphasizes the development rate 
of flash droughts. Ford and Labosier (2017) used the percentile of soil 
moisture averaged over pentad and the rate of decline in soil moisture to 
identify flash droughts. Christian et al. (2021) used Standardized 
Evaporative Stress Ratio (SESR) and identified flash droughts based on 
changes in SESR over time. The third approach identifies flash droughts 
by considering multiple processes involved in flash droughts, along with 
their development rates. Yuan et al. (2019) used soil moisture percentile 
to identify flash droughts, considering different processes and the 
persistence of flash droughts. The criteria for identifying flash droughts 
included a rapid decline in average soil moisture percentile from 40 % to 
20 %, with a decline rate exceeding 5 % and lasting at least 15 days. The 
flash drought was terminated when the soil moisture percentage 
recovered above 20 %. The latter two approaches highlight a crucial 
distinction between flash and traditional droughts: their rapid devel-
opment. They classify flash droughts as a type of drought defined by a 
certain level of persistent water shortage. However, relying on a single 
variable or indicator simplifies the classification of flash drought events, 
as no single indicator can capture the complex processes and diverse 
impacts of flash droughts. Therefore, this study used the method pro-
posed by Mo and Lettenmaier (2015, 2016) to identify flash droughts, 
which considers multiple variables and different causes of flash 
droughts.

The farmland ecosystem is a major subsystem of the broader agri-
cultural system and an essential component of terrestrial ecosystems. It 
is a semi-natural ecosystem for human utilization of natural resources 
and the production of agricultural activities. Globally, cropland ac-
counts for 38 % of the land area and provides 66 % of the world’s food 
supply. Farmland ecosystems support agricultural productivity, ensure 
food security, regulate carbon cycling, and influence global climate 
change. With global warming, increasing intensity and frequency of 
flash droughts pose significant threats to these ecosystems. Given these 
threats, flash droughts, driven by moisture deficiency, can directly slow 
down or halt crop growth, thereby threatening agricultural output. 
Additionally, flash droughts can indirectly impact crop health and 
farmland stability by elevating the risks of wildfires, pest outbreaks, and 
disease spread. These combined effects highlight the vulnerability of 
farmland ecosystems to flash droughts in a warming climate (Griffin- 
Nolan et al., 2019).

Flash droughts’ impact on agriculture primarily manifests through 
two pathways: direct physiological stress and indirect ecological risks. 
Regarding direct physiological stress, water deficits directly inhibit 
photosynthesis and plant cell division, leading to stunted growth or even 
death (Otkin et al., 2018). At the same time, the combined effects of high 
temperatures and high evaporation rates accelerate the depletion of soil 
moisture, creating a positive feedback loop of “soil–vegetation” water 
stress. Regarding indirect ecological risks, vegetation wilting caused by 
flash droughts increases the accumulation of surface combustible ma-
terials, raising the probability of wildfires. These secondary disasters 
directly destroy crops and weaken the ecosystem’s carbon sink function 
by releasing CO2 through the combustion of organic matter.

These impacts have been confirmed in studies from various regions 
around the world. For example, the flash drought in the US Midwest in 
2012 significantly reduced vegetation growth and carbon uptake, with 
Gross Primary Productivity (GPP) in corn, soybeans, croplands, and 
grasslands decreasing by 9 %, 7 %, 6 %, and 29 %, respectively (Jin 
et al., 2019). Similarly, flash droughts in Europe have negatively 
impacted vegetation conditions and carbon absorption (Sungmin and 
Park, 2023). More severe flash droughts in western and southwestern 
Central Asia led to decreased GPP, and agricultural areas showed 
heightened sensitivity to these changes (Zhu et al., 2025). Moreover, 
vegetation with shallow roots, such as cropland and grassland, responds 

more rapidly to flash droughts (Lu et al., 2024). During flash droughts, 
the average Net Primary Productivity (NPP) loss rate exceeds 60 %, and 
the minimum daily economic loss is over 12 million yuan in the Xilin-
gole Grassland (Liu et al., 2024). Compared with slowly developing 
droughts, flash droughts during the growing season pose higher 
ecological risks, with ecosystem productivity experiencing faster decline 
rates and shorter response times (Zhang et al., 2025).

Globally, the impact of flash droughts on agricultural yields is 
particularly significant. In South America, flash droughts significantly 
reduce crop yields. In the central, southeastern regions, flash droughts 
from November to January disrupt crops’ flowering and grain-filling 
stages. In the northern southeastern areas, flash droughts from 
February to April mainly affect second-season corn, leading to sub-
stantial yield losses (Lovino et al., 2025). In late July 2019, a severe flash 
drought occurred in the southern agricultural zones of China, leading to 
a rapid depletion of soil moisture. This caused a sharp decline in the 
photosynthetic capacity of crops in the affected areas and a significant 
reduction in food production (Zhang et al., 2024). In 2010, a flash 
drought in western Russia, which began in June and intensified rapidly, 
severely impacted the agricultural ecosystem. By early July, nearly all 
major wheat-producing regions were affected by extreme water stress, 
coinciding with the flowering stage of both winter and spring wheat. 
This led to a drastic reduction in wheat yields—over 70 % in top- 
producing areas—and a total production loss of 20 million metric tons 
compared to previous seasons (Hunt et al., 2021). These cases demon-
strate that the impact of flash droughts on agricultural ecosystems is far- 
reaching and multifaceted, directly reducing crop yields and weakening 
ecosystems’ stability and carbon sink capacity through various 
pathways.

To better understand these impacts, many studies have utilized in-
dicators such as GPP, NPP, Leaf Area Index (LAI), Water Use Efficiency 
(WUE), Solar-Induced Fluorescence (SIF), Mean Annual Precipitation 
(MAP), and vegetation indices to evaluate the impact of flash droughts 
on agricultural ecosystems through response frequency and response 
time (Poonia et al., 2022; Sungmin and Park, 2023; Yang et al., 2023; 
Yao et al., 2022; Zhang et al., 2020; Zhao et al., 2024).However, many of 
these studies consider farmlands uniform systems, while human man-
agement significantly influences field interactions (Zhu et al., 2021). 
Irrigation is a common management practice to cope with extreme 
weather events such as droughts in farmlands (Troy et al., 2015; Jiang 
et al., 2019). Only 20 % of agricultural land worldwide is irrigated, yet it 
accounts for 40 % of global agricultural output, which means that irri-
gation more than doubles land productivity (FAO, 2003). Therefore, 
understanding the impact of flash droughts on farmland ecosystems 
requires examining the different responses of irrigated and rain-fed 
farmlands. Additionally, the timing and sensitivity of flash drought 
impacts on vegetation vary depending on the drought stage and the 
specific region (Liu et al., 2024). For instance, Xu et al. (2021) showed 
that vegetation photosynthesis responded to drought quicker and 
stronger with increasing dryness.

Here, we employed a comprehensive indicator approach to identify 
flash droughts and used response frequency and time to deeply examine 
the response processes of rain-fed and irrigated farmland ecosystems in 
different regions. The main research objectives were (1) to analyze the 
spatial and temporal evolution of flash droughts and their trend patterns 
in China’s farmland from 2000 to 2018; (2) to explore the response of 
different regional farmland ecosystems to flash droughts under different 
management measures (irrigation and rainfed) using NPP data; and (3) 
to analyze NPP values at different stages of flash droughts and study the 
resilience of farmland to flash droughts in different regions. The findings 
of this study provide theoretical support for the early warning of flash 
drought in different farmland ecosystems and the formulation of 
drought mitigation policies in China, which is of great practical signif-
icance for food security.
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2. Materials and methods

2.1. Study area

The climate in China is complex and varied, with tropical monsoon, 
subtropical monsoon, temperate monsoon, temperate continental, and 
high mountain plateau climates distributed from south to north (Xiao 
et al., 2013). Precipitation decreases gradually from the south-east coast 
to the north-west interior, with abundant rainfall in summer and scarce 
rainfall in winter. Temperatures gradually decrease from south to north, 
with significant regional temperature differences in winter and summer. 
Based on the principles of agricultural production conditions, charac-
teristics and direction of development, significant problems and key 
measures, and the completeness of administrative units, the Chinese 
Committee on Agricultural Zoning divides the country into nine agri-
cultural zones (Fig. 1).

2.2. Data sources

This study utilized the GLDAS-2 assimilation dataset for flash 
drought identification because of its high reliability and applicability in 
drought research (Liu et al., 2020). The GLDAS-2.1 (Noah model) data 
product has a spatial resolution of 0.25◦ × 0.25◦ and a temporal reso-
lution of 3-hourly intervals (https://disc.gsfc.nasa.gov/ datasets/ 
GLDAS_NOAH025_3H_2.1/summary). Temperature, evapotranspira-
tion, and soil moisture data for 2000–2018 from this dataset were used. 
The acquired data were pre-processed by the following steps: First, the 
3-hour data were extracted and converted into daily data (averaging the 
temperature and soil moisture, and summing the evapotranspiration). In 
addition, the ET and the soil moisture data require unit conversion. To 
convert the units of ET from kg m− 2 s− 1 to mm h− 1, dividing the density 
(1000 kg m-3) by multiplying time (3600 s) is necessary. Soil moisture 
data must also be converted from kg m− 2 to m3 m− 3. The conversion 
formula is as follows: 

θ =
w

ρ × h
× 100% (1) 

where θ is the volumetric soil water content (m3 m− 3); w is the GLDAS 
soil moisture (kg m− 2); ρ is the density of water (kg m− 3), ρ = 1000 kg 
m− 3; h is the soil layer thickness (m).This study used GLDAS soil mois-
ture at depths of 0–10 cm, 10–40 cm, and 40–100 cm, so h is 0.1 m or 
0.3 m or 0.6 m. Finally, the soil moisture data from 0-10 cm, 10–40 cm, 
and 40–100 cm were converted to 0–100 cm by multiplying and sum-
ming the corresponding weights (0.1, 0.3, and 0.6, respectively).

Net Primary Production (NPP) (g C m− 2 d) is the net carbon flow 
entering plants from the atmosphere, representing the remaining 
organic matter after subtracting the autotrophic respiration losses from 
Gross Primary Productivity (GPP). The NPP data for the years 
2000–2018 was obtained from the MUSES 5-km global GPP and NPP 
products dataset (Sun et al., 2020). The product estimates GPP and NPP 
using Light Use Efficiency (LUE) and a long-term series of Global Land 
and Landsat (GLASS) LAI and Fraction of Photosynthetically Active 
Radiation (FPAR) from 1981 to 2018. The product has a temporal res-
olution of 8 days and a spatial resolution of 0.05◦×0.05◦. In this study, 
the data was resampled to 0.25◦×0.25◦ in R Studio to standardize the 
resolution.

Land use data were obtained using the European Space Agency (ESA) 
Climate Change Initiative Land Cover (v2.0.7 and v2.1.1) (https://cds. 
climate.copernicus.eu/ datasets/satellite-land-cover?tab = overview). 
This dataset provides a global map of land use and contains 22 land use 
categories. The long-term consistency, annual updating, and high reso-
lution of the dataset on a global scale make it attractive for many fields 
(Defourny et al., 2017). The temporal resolution of this dataset is 
annual, and the spatial resolution is 300 m. In this study, the data was 
resampled to 0.25◦×0.25◦ in RStudio to standardize the resolution. 
Then, the grids for irrigated and rainfed farmland for nineteen consec-
utive years were extracted based on attributes 10 and 20 (Table S1 and 
Fig. S1). Due to the limited number of grid points in QT and IMGW, these 
areas are not considered in the comparison.

Fig. 1. Agricultural zoning and Digital Elevation Model (DEM) map of China. QT, Qinghai-Tibet; S, South China; SW, Southwest; YRML, the Middle and Lower 
reaches of the Yangtze River; IMGW, Inner Mongolia and along the Great Wall; NE, Northeast; LP, Loess Plateau; HHH, Huang-Huai-Hai; GX, Gansu-Xinjiang.
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2.3. Methodology

2.3.1. Identification of flash droughts
This study utilized the method defined by Mo and Lettenmaier 

(2015, 2016) to identify two types of flash droughts: HWFD and PDFD. 
HWFD is essentially an agricultural drought. Therefore, soil moisture is 
used (expressed as a percentile relative to its long-term record, SM%) as 
an indicator rather than precipitation. Since HWFD is driven by tem-
perature, the temperature anomaly must exceed one standard deviation. 
Additionally, high temperatures increase total evapotranspiration, so 
the evapotranspiration anomaly must be positive. Furthermore, 
considering the nature of HWFD, the SM% should be below 40 % (Mo 
and Lettenmaier, 2015).

PDFD is an event-driven by a lack of precipitation. The reduced 
rainfall before the event leads to decreases in SM and ET, which causes 
an increase in temperature. PDFD is also characterized by a deficiency in 
SM, resulting in crop damage. In this sense, PDFD can also be considered 
an agricultural drought (Mo and Lettenmaier, 2016). Therefore, to 
identify PDFD, the temperature anomaly must be positive, the SM% 
must be below 40 %, and the evapotranspiration anomaly must be 
negative. We considered vegetation’s boundary effects and growth cy-
cles, opting for an 8-day interval to capture multiple stages of the 
vegetation growth cycle and provide a more averaged representation of 
vegetation conditions in this study. The definition we are employing 
here is based on percentile values of soil moisture, temperature anom-
alies, and total evapotranspiration anomalies (Zhang et al., 2022): 

HWFD : Tanomaly > Tstd;TETanomaly > 0; SM < 40%
PDFD : Tanomaly > Tstd;TETanomaly < 0; SM < 40% (2) 

where Tanomaly (K) and TETanomaly (mm/day) denote the 8-day mean 
temperature and total evapotranspiration anomaly, respectively. Tstd is 
the standard deviation of the Tanomaly series. For each 8 days and each 
grid point, a flash drought was considered to have occurred at that grid 
point for this period when all the above requirements were met. The 
anomaly series was obtained by subtracting the mean of the variables 
from the observed values.

2.3.2. The frequency of flash drought occurrences
The Frequency of Occurrence (FOC) was calculated to determine the 

hotspots of flash drought occurrences. For a given 8-day period T and 
grid point x, when the specified criteria for flash drought are met, we 
consider the grid point to have experienced a flash drought event. This 
time is defined as the onset of the flash drought. When the conditions for 
a flash drought are no longer met, the drought is considered to have 
ended. For each grid point, we calculate the number of periods N that 
meet the criteria for flash drought. FOC is the percentage of periods 
during which the grid point is in either HWFD or PDFD: 

FOC =
N

Ntotal
× 100% (3) 

where Ntotal is the total number of periods in the study period. N is the 
number of periods that satisfy the definition of flash drought.

2.3.3. Trend test for flash droughts
The Modified Mann-Kendall (MMK) method considers all significant 

autocorrelations in the time series, so this study used the MMK test to 
analyze the trend changes of flash drought characteristics (Hamed and 
Rao, 1998). Under the null hypothesis that the sequence has no trend, 
the statistic Z follows a standard normal distribution with a mean of 
0 and a variance of 1. When α = 0.05, |Z| ≥ 1.96, the sequence has a 
significant trend change; a positive Z indicates a significant increasing 
trend, and vice versa. The statistic Z* of the MMK trend test method 
considers the influence of autocorrelation in the sequence, and the 
estimation method is as follows: 

Z* =
Z̅̅
̅̅̅

ns
√ (4) 

ns = 1+
2

n(n − 1)(n − 2)
∑n− 1

j=1
(n − j)(n − j − 1)(n − j − 2)rj (5) 

where ns denotes the correction factor, j denotes the number of lags, and 
rj denotes the autocorrelation coefficient of the time series.

2.3.4. Response of farmland ecosystems to flash drought
NPP integrates drought’s effects on photosynthesis and respiration 

(Stocker et al., 2018), so this study considers NPP as an ecological in-
dicator to study the ecosystem’s response to flash drought. A negative 
anomaly in NPP indicates the onset of the ecosystem’s response. The 
standardized anomaly is calculated as follows: 

NPPSA =
NPP − μNPP

σNPP
(6) 

where NPPSA is the normalized anomaly of NPP, and σNPP and μNPP are 
the standard deviation and mean of the NPP sequence, respectively.

Response time and frequency were used to clarify the relationship 
between NPP and flash drought (Niu et al., 2018). Response frequency 
was obtained for each grid by counting the proportion of flash droughts 
with negative NPPSA to the total number of flash droughts. A lower 
response frequency indicates a lower risk for the ecosystem and vice 
versa. The response time index is the days until the first negative stan-
dardized anomaly (NPPSA) occurs during the flash drought event. A 
shorter response time indicates a quicker threat from flash drought 
(Yang et al., 2023).

2.3.5. Different stages of flash drought and ecosystem resilience to flash 
drought

In this paper, we adopted the classification of the stage of flash 
drought by Liu et al. (2024) and divided the development process of 
flash drought into three stages: flash drought accumulation stage, flash 
drought outbreak and persistence stage, and flash drought recovery 
stage. We calculated the corresponding NPP values of the three stages 
simultaneously. The accumulation stage is defined as the two octads 
(octad refers to eight days) before the onset of the flash drought, while 
the outbreak and persistence stage encompasses the period from the 
onset to the end of the flash drought. The recovery stage is studied for 
one octad following the end of the drought. The recovery status of 
various types of farmlands in different regions can be determined by 
comparing the NPP values of the accumulation and recovery stages. The 
closer the NPP value of the recovery stage is to that of the accumulation 
stage, the better the resilience.

3. Results

3.1. The spatiotemporal evolution pattern of flash drought

The occurrence frequency of flash droughts exhibits fluctuations 
over time (Fig. 2a). The average frequency of HWFD from 2000 to 2018 
was 1.15 % in irrigated farmland and 1.17 % in rain-fed farmland. The 
average frequency of PDFD was 0.19 % in irrigated farmland and 0.13 % 
in rain-fed farmland. The frequency of HWFD in irrigated cropland 
(HWFD-I) reached a maximum of 1.64 % in 2014. The frequency of 
HWFD in rain-fed cropland (HWFD-R) reached the maximum value of 
2.30 % in 2011. The frequency of PDFD in irrigated cropland (PDFD-I) 
reached the maximum value of 0.62 % in 2014. The frequency of PDFD 
in rain-fed cropland (PDFD-R) reached the maximum value of 0.50 % in 
2014. The frequency of both flash droughts was higher in 2014.

The duration of flash droughts exhibited a relatively small variation 
from 2000 to 2018. The average duration of HWFD-I was 3.4 octads, 
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while the average duration of HWFD-R was 3.8 octads. For PDFD-I, the 
average duration was 2.6 octads; for PDFD-R, the average duration was 
2.3 octads (Fig. 2b). It was observed that the duration of HWFD was 
longer than that of PDFD. In 2008, the duration was the longest for both 
HWFD-I and HWFD-R, reaching 4.5 and 5 octads, respectively. For 
PDFD-I, the most prolonged duration was also in 2008, at 3.4 octads, 
while for PDFD-R, it was in 2001, at 3.2 octads.

Flash drought occurred mainly from June to August (Fig. 3a). The 
frequency of occurrence for both types of flash drought was the highest 
in June and the lowest in autumn. The duration of HWFD was the 
longest in June, while the duration of PDFD was the longest in May. The 
duration of both types of flash drought was most extended in summer 
and shortest in autumn (Fig. 3b).

In general, the occurrence frequency of HWFD exhibits a spatial 
distribution high in the middle and low at both ends of the farmland 
(Fig. S2). The main areas with a low occurrence frequency of HWFD 
were distributed in the S, YRML, and SW (with an occurrence frequency 
of less than 3.9 %), while the areas with a high occurrence frequency 
were in LP (with an occurrence frequency greater than 9.62 %). The 
spatial distribution of the duration of HWFD was similar to that of the 
occurrence frequency, indicating that once HWFD occurs in these areas, 
they tend to have a relatively long duration and occur more frequently. 
Most areas did not experience PDFD, and the areas where PDFD did 
occur have a relatively low occurrence frequency. The areas with a high 
occurrence frequency of PDFD were sporadically distributed in the GX 

(with an occurrence frequency greater than 4.93 %). The duration of 
PDFD was relatively short in most areas, and the areas with a long 
duration were mainly distributed in GX. The occurrence frequency of 
HWFD showed a significant downward trend in 89 % of the grid points, 
with non-significant downward trends mainly located in the HHH 
(Fig. S3). The trend distribution of the duration of HWFD was spatially 
similar to that of the occurrence frequency. The occurrence frequency 
and duration of PDFD showed a significant downward trend in most 
areas, with non-significant downward trends at individual points 
(sporadically distributed in GX). Flash droughts’ occurrence frequency 
and duration have shown a downward trend from 2000 to 2018.

The frequency of HWFD-I was highest in LP at 11.11 %, significantly 
higher than the 0.67 % observed in S (Fig. 4). A similar pattern was seen 
for HWFD-R, with LP reporting the highest frequency at 12.97 % and S 
the lowest at 0.79 %. For PDFD-I, the frequency was notably high in GX 
at 1.57 %, while it was markedly low in YRML, with only 0.029 % 
occurrence. In rainfed farmlands, the HHH stood out with the highest 
frequency of PDFD at 1.17 %, whereas the YRML recorded the lowest at 
an almost negligible 0.0099 %.

HWFD exhibited their most extended durations in LP for both 
farmlands, with 4.4 octads in irrigated farmland and 5.0 octads in 
rainfed farmland. Conversely, the shortest durations were observed in 
South China, where the figures stood at 2.5 octads for irrigated and 2.7 
for rainfed farmland. In the case of PDFD, the most extended durations 
were found in the SW, amounting to 2.9 octads in irrigated farmlands 

Fig. 2. Annual variation of flash drought properties in different types of farmlands in China from 2000 to 2018. HWFD-I, HWFD in irrigated cropland; HWFD-R, 
HWFD in rain-fed cropland; PDFD-I, PDFD in irrigated cropland; PDFD-R, PDFD in rain-fed cropland. The values following the lines in the plot represent their 
corresponding averages.

Fig. 3. Monthly variation of flash drought properties in different types of farmlands in China from 2000 to 2018.
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and 3.0 octads in rainfed farmlands. The shortest durations were 
recorded in YRML, with 2.4 octads for irrigated farmlands and a minimal 
2.0 octads for rainfed farmlands.

The occurrence frequency of HWFD in irrigated and rainfed farmland 
does not exceed 15 %, with most occurrences concentrated within 0–10 
% (Fig. 5). On average, the frequency of HWFD-R (4.55 %) was higher 
than HWFD-I (3.97 %). The duration of HWFD in irrigated and rainfed 
farmland typically ranged from 2 to 6 octads. On average, the duration 
of HWFD-R (3.35 octads) was slightly longer than that of HWFD-I (3.26 
octads). Overall, the occurrence frequency of HWFD in rainfed farmland 
was higher than in irrigated farmland by 0.58 %, and the duration of 
HWFD in rainfed farmland was more prolonged than in irrigated farm-
land by 0.09 octads.

The occurrence frequency of PDFD in irrigated and rain-fed farmland 

was relatively low, primarily concentrated within 0–2 %. On average, 
the difference between the two was minimal, at 0.51 % for irrigated 
farmland and 0.36 % for rainfed farmland. The PDFD duration in both 
farmlands typically spanned from 2 to 5 octads. The duration of PDFD in 
irrigated farmland (1.2 octads) was slightly longer than that in rainfed 
farmland (0.9 octad). Overall, the occurrence frequency of PDFD was 
higher in irrigated farmland than rainfed farmland by 0.16 %, and their 
duration was also slightly longer in irrigated farmland by 0.3 octad.

3.2. Response of farmland NPP to flash drought

The average response frequency of Net Primary Productivity (NPP) 
to HWFD from 2000 to 2018 was 22.8 % for irrigated farmland and 15.5 
% for rain-fed farmland (Fig. 6). The maximum response frequency of 

Fig. 4. Percentage of flash drought characteristics in different farmlands in China’s agricultural regions from 2000 to 2018. Note: Due to the limited number of grid 
points in QT and IMGW, these areas are not considered in the comparison.

Fig. 5. Distribution pattern of flash drought characteristics in different types of farmlands in China from 2000 to 2018. Notes: The 0 in the figure represents grid 
points where no flash drought occurs.
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NPP to HWFD reached 36.8 % in 2005 for irrigated farmland and 31.2 % 
in 2013 for rain-fed farmland. The average response frequency of NPP to 
PDFD from 2000 to 2018 was 30.9 % for irrigated farmland and 27.5 % 
for rain-fed farmland. The maximum response frequency of NPP to 
HWFD was 72.6 % in 2005 for irrigated farmland and 85.7 % in 2013 for 
rain-fed farmland. Overall, the response frequency of NPP to both types 
of flash drought was relatively low. By comparing the two types of flash 
droughts, it was found that NPP has a higher response frequency to 
PDFD. When comparing the two types of farmland, it was observed that 
the NPP of irrigated farmland has a higher response frequency to both 
types of flash droughts. This implies that the NPP of farmland is more 
sensitive to PDFD, while the NPP of irrigated farmland is sensitive to 
both types of sudden droughts.

From 2000 to 2018, the average response time of NPP to HWFD was 
1.3 octads for irrigated farmland and 1.6 octads for rainfed farmland. 
The maximum response time of NPP to HWFD was 1.8 octads in 2007 for 
irrigated farmland and 3.4 octads in 2000 for rainfed farmland. The 
average response time of NPP to PDFD was 1.4 octads for irrigated 
farmland and 1.1 octads for rainfed farmland. The maximum response 
time of NPP to PDFD was 3.2 octads in 2007 for irrigated farmland and 
2.1 octads in 2000 for rainfed farmland. By comparing the two types of 
flash droughts, it can be observed that NPP responds more quickly to 
PDFD. Additionally, when comparing the two types of farmland, it is 
found that the NPP of irrigated farmland responds more quickly to both 
types of flash droughts.

NPP responded to HWFD with an average frequency of 21.2 % in 
irrigated farmland and 8.8 % in rainfed farmland. Regarding PDFD in 
the same region, NPP exhibited an average response frequency of 17.3 % 
for irrigated areas and 8.8 % for those relying on rainfed areas (Fig. S4). 
In the HHH region, the average response frequency of NPP to HWFD was 
26.0 % for irrigated farmland and 17.2 % for rain-fed farmland. For 
PDFD, the frequencies were notably higher, at 32.2 % for irrigated 
farmland and 28.6 % for rain-fed farmland. In the IMGW area, the 
average response frequency of NPP to HWFD was 11.7 % for irrigated 
farmland and 16.7 % for rain-fed farmland. The response to PDFD was 
slightly lower, with 10.5 % for irrigated and 5.3 % for rainfed farmland. 
Within the LP, the average response frequency of NPP to HWFD was 
16.0 % for irrigated farmland and 5.8 % for rainfed farmland. The 
response frequency to PDFD was relatively modest at 5.3 % for irrigated 
farmlands and 3.4 % for those on rainfed lands. In the NE, average 
response frequency of NPP to HWFD was relatively low at 4.4 % for 
irrigated farmland and 12.5 % for rainfed farmland. The response fre-
quency to PDFD was slightly higher, with 5.9 % for irrigated and 2.1 % 
for rainfed farmland. The QT region exhibited a significant average 

response frequency of NPP to HWFD, particularly in irrigated farmland 
at 36.4 % and 14.5 % for rainfed farmland. Interestingly, the response 
frequency to PDFD was negligible in irrigated areas at 0 %. In compar-
ison, it was 5.3 % in rain-fed farmland. In the South China region, 
average response frequency of NPP to HWFD was 10.4 % in irrigated 
farmland, notably higher at 30.2 % in rain-fed farmland. The response to 
PDFD was also higher, with 17.6 % in irrigated farmland and 25.1 % in 
rain-fed farmland. In the SW region, average response frequency of NPP 
to HWFD was 22.1 % in irrigated farmland and 19.2 % in rain-fed 
farmland, while the response to PDFD was 14.2 % in irrigated and 
8.4 % in rain-fed farmland. In the YRML region, average response fre-
quency of NPP to HWFD was 21.4 % in irrigated farmland and 22.4 % in 
rain-fed farmland. The response frequency to PDFD was relatively low at 
9.5 % for irrigated farmland and 0 % for rainfed farmland.

In the GX region, the NPP of farmland responded to HWFD with an 
average duration of 1.6 octads for irrigated areas and 0.4 octads for 
rainfed areas. Conversely, the response time to PDFD averaged 1.4 
octads for irrigated lands and 0.2 octads for those sustained only by 
rainfall. Within the HHH region, the average response time of NPP to 
HWFD was 1.2 octads for irrigated farmland and 1.3 octads for rainfed 
farmland. For PDFD, the average durations were 0.7 octads for irrigated 
and 0.8 octads for rainfed farmland. In the IMGW area, the average 
response time of NPP to HWFD was a brief 0.2 octad for irrigated 
farmland and 0.3 octad for rainfed farmland. The response time to PDFD 
was minimal, at 0.1 octads for irrigated and rainfed farmland. On the LP, 
the average response time of NPP to HWFD was more pronounced at 1.7 
octads for irrigated farmland and 1.4 octads for rainfed farmland. The 
response time to PDFD was slightly lower, with 0.2 octad for irrigated 
and 0.3 octad for rainfed farmland. In the NE, the average response time 
of NPP to HWFD was 0.5 octad for irrigated farmland and 0.3 octad for 
rainfed farmland. The response to PDFD was consistent at 0.1 octads for 
both types of farmland. The QT region, exhibited a moderate average 
response time of the NPP to HWFD, with 0.5 octad for irrigated farmland 
and 0.9 octad for rainfed farmland. The response time to PDFD was 
notably lower, at 0.1 octad for rainfed farmland. In the South China 
region, the average response time of NPP to HWFD was 0.3 octad for 
irrigated farmland and 1.1 octads for rainfed farmland. The response 
time to PDFD was 0.3 octad for irrigated and 0.6 for rainfed farmland. 
The Southwest region showed the average response time of NPP to 
HWFD at 1.4 octads for irrigated farmland and 2.0 octads for rainfed 
farmland. The response time to PDFD was 0.7 octad for irrigated and 0.6 
octad for rainfed farmland. The average response time of NPP to HWFD 
was 1.2 octads for irrigated farmland and 1.0 octad for rainfed farmland 
in the YRML region. The response time to PDFD was 0.2 octad for 

Fig. 6. Annual variation of frequency and time of NPP response to flash droughts in different types of farmlands in China from 2000 to 2018. Notes: The values next 
to the lines in the plot represent their corresponding averages.
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irrigated farmland.
The response characteristics of NPP to different types of flash 

droughts vary across different types of farmlands (Fig. 7). The response 
frequency of NPP to HWFD peaked in May (33.3 % for irrigated farm-
land and 27.3 % for rainfed farmland). The response frequency of NPP to 
PDFD was highest in April (100 % for irrigated farmland and 52.9 % for 
rainfed farmland). Regarding different months, NPP exhibited higher 
response frequencies to flash droughts in April, May, and June and 
relatively lower response frequencies in July, August, and September.

NPP had the longest response time to HWFD in May (2.1 octads for 
irrigated farmland) and July (2.0 octads for rainfed farmland). The 
shortest response times for NPP to HWFD occurred in August (1.2 octads 
for irrigated farmland) and September (1 octad for rainfed farmland). 
The most extended response time for NPP to PDFD was in September 
(1.9 octads for irrigated farmland) and May (2.1 octads for rainfed 
farmland). The shortest response time for NPP to PDFD was in April (1 
octad for irrigated farmland) and July (1 octad for rainfed farmland). 
March to May is the sowing period, during which the germinating crops 
have just begun to grow, and their root systems are not deep enough to 
access moisture from deeper soil layers, making them more susceptible 
to flash droughts.

In the GX region, NPP on farmland showed its highest response fre-
quency to HWFD in May (46.7 % for irrigated farmland) and June (29.2 
% for rainfed farmland) (Fig. S5). The peak response to PDFD occurred 
in June, with 29.5 % for irrigated farmland and 57.1 % for rainfed 
farmland. In the HHH region, the NPP response to HWFD was most 
pronounced in June, reaching 39.4 % for irrigated farmland and 22.9 % 
for rainfed farmland. For PDFD, the highest response frequency was also 
observed in June, with 61.7 % for irrigated farmland and 35.7 % for 
rainfed farmland. In the IMGW area, the NPP response to HWFD was 
most significant in May (100 % for rainfed farmland) and June (62.5 % 
for irrigated farmland). The response to PDFD consistently peaked in 
May and June at 100 % for irrigated and rainfed farmland. On the LP, 
the NPP response to HWFD was most frequent in May, with 22.2 % for 
irrigated farmland and 7.4 % for rainfed farmland. The response to 
PDFD peaked in June, with 21.1 % for irrigated farmland and 16.7 % for 
rainfed farmland. In the NE, the NPP response to HWFD was highest in 
May, at 100 % for irrigated farmland and 50 % for rainfed farmland. The 
response to PDFD was most notable in May (50 % for rainfed farmland) 
and June (100 % for rainfed farmland). In the QT region, the NPP 
response to HWFD was uniformly high in May, reaching 100 %. Simi-
larly, the response to PDFD peaked in May, with a 100 % response fre-
quency for rainfed farmland. In the South China region, the NPP 
response to HWFD was most significant in May, with 33.3 % for irrigated 
farmland and 55.3 % for rainfed farmland. The response to PDFD was 
consistently highest in April and June, reaching 100 %. In the SW region, 
the NPP response to HWFD was most pronounced in May and August, 

with 30 % for irrigated farmland and 42.9 % for rainfed farmland. The 
response to PDFD peaked in May and June, with 44.4 % for irrigated 
farmland and 50 % for rainfed farmland. In the YRML region, the NPP 
response to HWFD was most frequent in May and July, with 30 % for 
irrigated farmland and 32.5 % for rainfed farmland. The response to 
PDFD was highest in June, with 48 % for irrigated farmland.

The NPP of farmland responded most durably to HWFD in June for 
rainfed farmland (1.9 octads) and July for irrigated farmland (1.4 
octads) in the GX region. The response to PDFD was most prolonged in 
May for irrigated farmland (3 octads) and June for rainfed farmland (1.1 
octads). In the HHH region, NPP exhibited its most extended response 
times to HWFD in May, with 3 octads for irrigated farmland and 2.6 
octads for rainfed farmland. The response to PDFD peaked in May at 2.1 
octads for irrigated farmland and 2 octads for rainfed farmland. Along 
the IMGW area, NPP’s most extended response times to HWFD were 
observed in June for irrigated farmland (1.1 octads) and May for rainfed 
farmland (1 octad). The response to PDFD was most sustained in May 
and June, lasting 1 octad for irrigated and rain-fed farmland. On the LP, 
the NPP’s most enduring responses to HWFD were in July for rainfed 
farmland (4.5 octads) and August for irrigated farmland (2.7 octads). 
The response to PDFD was most extensive in June, with 1 octad for 
irrigated farmland and 2 octads for rainfed farmland. In the NE, the 
longest response time of NPP to HWFD was in June for rainfed farmland 
(1.2 octads) and July for irrigated farmland (1.5 octads). The response to 
PDFD was most prolonged in May and June, at 1 octad for rainfed and 
irrigated farmland. In the QT region, the most significant response time 
of NPP to HWFD was in May for rainfed farmland (14 octads) and 
September for irrigated farmland (3 octads). The response to PDFD was 
most extended in May, at 1 octad for rainfed farmland. In the South 
China region, the most enduring responses of NPP to HWFD were in July 
for irrigated farmland (1.3 octads) and August for irrigated farmland (2 
octads). The response to PDFD was most sustained in April (1.8 octads 
for rainfed farmland) and June (1.5 octads for irrigated farmland). In the 
SW region, the longest response time of NPP to HWFD was in July, at 2.3 
octads. The response to PDFD was most extended in May, with 3.5 
octads for irrigated farmland and 3.2 octads for rainfed farmland. In the 
YRML region, NPP’s most prolonged response time to HWFD was in May 
and June, with 1.4 octads for irrigated farmland and 1.5 octads for 
rainfed farmland. The longest response time to PDFD was in June, at 1.3 
octads for irrigated farmland.

These observations indicated that most regions manifested their peak 
response frequencies to flash droughts during May and June. Regarding 
response duration, most regions exhibited relatively briefer periods in 
May and June, suggesting that farmland NPP was particularly sensitive 
to flash droughts at this time. This heightened sensitivity implies that 
crops are at a greater risk during these months. Consequently, crops are 
more vulnerable to threats during this period if a flash drought occurs.

Fig. 7. Monthly variation in the response of NPP to flash droughts in different types of farmlands from 2000 to 2018.
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Different regions’ farmlands exhibited varied response characteris-
tics to flash droughts (Fig. 8). In irrigated farmland, the HHH region’s 
NPP showed the highest response frequency to flash droughts (28.8 % 
for HWFD and 59.7 % for PDFD). The NE’s NPP in irrigated farmland 
had the lowest response frequency to HWFD, at 6.4 %; the LP’s NPP in 
irrigated farmland had the lowest response frequency to PDFD, at 17.4 
%. In rainfed farmland, South China’s NPP had the highest response 
frequency to HWFD, at 39.4 %; the Gansu-Xinjiang region’s NPP had the 
highest response frequency to PDFD, at 50 %. The LP’s NPP in rainfed 
farmland had the lowest response frequency to flash droughts (5.7 % for 
HWFD and 11.5 % for PDFD).

In irrigated farmland, the LP’s NPP had the longest response time to 
HWFD at 1.6 octads; the SW’s NPP had the longest response time to 
PDFD at 3.5 octads. The NE’s NPP in irrigated farmland had the shortest 
response time to flash droughts, both at 1 octad. In rainfed farmland, the 
LP’s NPP had the longest response time to HWFD at 2.1 octads; the SW’s 
NPP had the longest response time to PDFD at 3 octads. The NE’s NPP in 
rainfed farmland had the shortest response time to flash droughts, both 
at 1.0 octad; the LP’s NPP also had the shortest response time to PDFD, 
at 1.0 octad (Fig. 9b).

The NPP in irrigated farmland exhibited a higher response frequency 
to HWFD (24.37 %) and PDFD (37.88 %) than the NPP in rainfed 
farmland (21.75 % for HWFD and 29.76 % for PDFD), being 12 % and 
27 % higher, respectively (Fig. 9). The NPP of rainfed farmland 
responded for a longer duration to HWFD (1.13 octads) and PDFD (0.83 
octad) compared to the response time of NPP in irrigated farmland to 
flash droughts (0.89 octad for HWFD and 0.76 octad for PDFD), being 
27 % and 9 % longer, respectively.

From both perspectives of response time and response frequency, it 
can be observed that the NPP of irrigated farmland was more sensitive to 
flash droughts (shorter response time and higher response frequency). 
Considering both flash droughts, NPP was more sensitive to PDFD (NPP 
responds with a shorter time and higher frequency to PDFD).

3.3. Resilience of NPP to flash drought

Fig. 10 illustrates changes in the NPP of different types of farmlands 
during different stages of flash droughts. In the GX region, after expe-
riencing HWFD, there was a particular increase in NPP during the 
outbreak stage of the flash drought (except for PDFD-I). The NPP values 
during the recovery stage were higher than those during the accumu-
lation stage (except for PDFD-I). This indicated that, aside from the weak 
resilience of irrigated farmland to PDFD, the resilience of farmland to 
HWFD and rainfed farmland to PDFD was quite strong.

In the HHH region, after experiencing HWFD, NPP increased to some 
extent during the outbreak stage, and the NPP values during the 

recovery stage were higher than those during the accumulation stage, 
indicating a strong resilience of NPP to HWFD in this region. For both 
types of farmland, NPP decreased to some extent during the outbreak 
stage of PDFD (compared to the accumulation stage), suggesting that the 
damage caused by PDFD to crops would be greater. The NPP values of 
irrigated farmland during the recovery stage were lower than those 
during the accumulation stage, indicating weak resilience of irrigated 
farmland to PDFD. In comparison, the NPP values of rainfed farmland 
during the recovery stage were higher than those during the accumu-
lation stage, indicating strong resilience of rainfed farmland to PDFD.

In the IMGW, LP, and NE regions, the NPP values were higher during 
the outbreak and recovery stage than the accumulation stage, indicating 
strong resilience of farmlands to both types of flash droughts.

In the QT region, the NPP values of irrigated farmland were lower 
during the outbreak and recovery stages of HWFD than the accumula-
tion stage, indicating weak resilience of irrigated farmland to HWFD. 
The NPP values of rainfed farmland were higher during the outbreak 
stage of both types of flash droughts compared to the accumulation 
stage, but they were lower during the recovery stage of HWFD and 
higher during the recovery stage of PDFD, indicating that rainfed 
farmland had a solid resilience to PDFD but a weak resilience to HWFD.

In the South China region, the NPP values were higher during the 
outbreak stage compared to the accumulation stage of both types of flash 
droughts, and the NPP values during the recovery stage of HWFD were 
higher than those during the accumulation stage, indicating strong 
resilience of farmland in the South China region to HWFD. However, the 
NPP values during the recovery stage of PDFD were lower than those 
during the accumulation stage, indicating the weak resilience of farm-
land in the South China region to PDFD.

In the SW region, the NPP values of irrigated farmland were higher 
during the outbreak and recovery stage of HWFD than the accumulation 
stage, indicating strong resilience of irrigated farmland to HWFD. The 
NPP of rainfed farmland in the SW region was lower during the recovery 
stage of HWFD than the accumulation stage, indicating weak resilience 
of rainfed farmland to HWFD. The NPP values of irrigated farmland in 
the SW region were lower during the outbreak and recovery stage of 
PDFD than the accumulation stage, indicating weak resilience of irri-
gated farmland to PDFD. The NPP values of rainfed farmland in the SW 
region were higher during the outbreak and recovery stages of PDFD 
than the accumulation stage, indicating strong resilience of rainfed 
farmland to PDFD.

In the YRML region, the NPP values of farmland were higher during 
the outbreak and recovery stage of HWFD compared to the accumulation 
stage, indicating strong resilience of farmland to HWFD. The NPP values 
of irrigated farmland in the YRML region were lower during the 
outbreak stage and higher during the recovery stage of PDFD compared 

Fig. 8. Response of NPP in different types of farmlands to flash droughts across agricultural regions in China from 2000 to 2018. Note: Due to the limited number of 
grid points in the QT and IMGW, these areas are not considered in the comparison.
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to the accumulation stage, indicating strong resilience of irrigated 
farmland to PDFD. The NPP values of rainfed farmland in the YRML 
region were higher during the outbreak and recovery stages of PDFD 
than the accumulation stage, indicating the strong resilience of rainfed 
farmland to PDFD.

Different types of farmland in various regions exhibited varying 
resilience in response to flash droughts. Overall, the resilience of farm-
land to HWFD was relatively strong, while the resilience to PDFD was 
relatively weak. Rainfed farmland tended to have stronger resilience 
compared to irrigated farmland. The LP, NE, and YRML regions 
demonstrated strong resilience from flash droughts, with both types of 
farmland able to recover from both types of flash droughts.

4. Discussion

4.1. Impact of irrigation on the occurrence of flash droughts

This study found that the occurrence frequency and duration of 
HWFD in irrigated farmland were lower than in rainfed farmland. HWFD 
occurs due to high temperatures, increasing evapotranspiration, and 
reducing soil moisture (Mo and Lettenmaier, 2015). The most direct 
effect of irrigation is to replenish soil moisture, and an increase in soil 
moisture can raise the soil moisture quantiles during the irrigation 
period, reducing the likelihood of HWFD to some extent. Additionally, 
irrigation can lower temperatures (Cui et al., 2022; Mishra et al., 2020; 
Yang et al., 2020). Although the impact of irrigation on average tem-
peratures is minimal, it can reduce the highest temperatures. This 
reduction in peak temperatures can shorten the periods that meet the 
conditions for the occurrence of HWFD, thereby reducing the frequency 
and duration of such events. Therefore, reducing temperature and 
increasing soil moisture due to irrigation can decrease the probability of 
HWFD. Numerous studies have indicated that changes in incremental 
soil moisture due to irrigation can lead to an increase in localized 
evapotranspiration and latent heat fluxes (Kang and Eltahir, 2018; Liu 

and Wang, 2023; Wang et al., 2021).
PDFD is caused by a lack of precipitation, leading to a reduction in 

ET, which causes an increase in temperature (Mo and Lettenmaier, 
2016). Liu et al. (2021) found that the impact of irrigation on precipi-
tation was mainly concentrated in the summer and autumn, with irri-
gation having a significant suppressive effect on precipitation in central 
and southwestern China. During these seasons, irrigation has a consid-
erable impact on precipitation, which is primarily characterized by a 
decrease. The reduction in precipitation due to irrigation increases the 
likelihood of PDFD. At the same time, the increase in ET, temperature 
decrease, and soil moisture increase brought about by irrigation weaken 
the effects of PDFD. However, the mitigating effect of irrigation on PDFD 
was not as significant as one might expect (the occurrence frequency of 
PDFD in irrigated and rainfed farmland was not significantly different), 
possibly because the increase in ET caused by irrigation was not sub-
stantial enough to turn the negative anomalies of ET into positive ones.

4.2. Effects of irrigation on crop response

This study discovered that NPP in the HHH and S farmlands 
exhibited a high response frequency to flash droughts. Concurrently, 
Zhao et al. (2024) observed that the incidence of GPP displaying nega-
tive anomalies in tandem with flash droughts tended to impose a con-
straining impact on specific areas in Northwest and East China, whereas 
ecosystems in the Southwest and Northeast appear to be less impacted. 
The spatial distribution of the findings in this study aligns with those of 
Zhao et al. (2024), albeit with some numerical discrepancies. These 
discrepancies stem from using distinct indicators—NPP is calculated as 
the net result of GPP minus autotrophic respiration. The methodologies 
differ; the response frequency documented in this study is the ratio of 
instances where NPP manifests a negative anomaly after the outbreak of 
flash droughts relative to the total number of such events. The study’s 
approach solely tallies the occurrences of NPP negative anomalies 
without specifying that these anomalies must coincide with the onset of 

Fig. 9. Distribution map of NPP response to flash droughts in different types of farmlands in China from 2000 to 2018. Notes: The 0 in the figure represents grid 
points where no flash drought occurs.
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flash droughts.
Irrigation also impacts crops. At the leaf level, water affects the 

allocation of carbon and nitrogen between photosynthetic and non- 
photosynthetic tissues and controls the rates of photosynthesis and 
stomatal conductance (Ghannoum, 2008; Ozdogan, 2011). Irrigation 
increases moisture, which can enhance the intensity of photosynthesis 
and thereby increase NPP. Numerous studies have demonstrated that 
irrigation can increase NPP (Bradford et al., 2005; Li et al., 2022; Lobell 
et al., 2009; Zhuang et al., 2022). However, irrigation is not conducted 
year-round, meaning it can only increase NPP during specific periods, 
thereby endowing irrigated crops with some resistance to drought. Of 
course, the differences in the response characteristics of NPP to flash 
droughts between rainfed and irrigated crops may be related to the types 
of crops planted. Different crop types have varying root lengths, 
affecting their ability to extract water from deeper soil layers when faced 
with flash droughts, leading to different response characteristics.

This study found that irrigated crops had a higher response fre-
quency and shorter response time to flash droughts, meaning that irri-
gated crops were more sensitive to flash droughts. Irrigated crops, which 
are long-term accustomed to moist conditions, struggle to adapt when 
drought occurs; hence, there is a greater sensitivity of NPP in irrigated 
farmland to flash droughts. The reduction in flash droughts due to 
changes in meteorological elements caused by irrigation may also lead 
to an increased response frequency in irrigated crops. If irrigation only 
prolongs the response time, and the decrease in flash droughts due to 
irrigation is more significant than the decrease in the number of re-
sponses, then the response frequency of crops to flash droughts also 

increases. The changes in latent heat flux, sensible heat flux, and tran-
spiration caused by irrigation are also amplified due to the greening 
effect of irrigation (Liu and Wang, 2023). The impact of irrigation on 
meteorological variables and its influence on NPP are interactive. 
However, which element is more significantly affected by irrigation, 
leading to changes in response, remains unknown.

In addition, specific irrigation decisions in the face of drought also 
affect crop response to flash drought and the persistence of flash 
drought. Wang et al. (2018) conducted household surveys in 86 villages 
in five provinces, and they found that due to differences in the type of 
irrigation infrastructure accessed, some farmers increased irrigation in 
the face of drought while others did not. Farmers were more likely to 
increase irrigation in villages with high pond densities and better irri-
gation infrastructure in response to drought. There was also a positive 
correlation between the number of irrigations and the density of irri-
gation stations. If local communities have better irrigation infrastruc-
ture, farmers may have increased access to irrigation water, and their 
resilience to drought may be enhanced.

4.3. Sensitivity and resilience of farmland NPP to flash droughts

This study found that cultivated lands in the HHH and South China 
regions were relatively sensitive to flash droughts, with high response 
frequencies and short response times. This was partially consistent with 
the results of Zhang et al. (2020), which showed that NPP had shorter 
response times in North China. The differences in regional division be-
tween our study and theirs contributed to the discrepancies in results. 

Fig. 10. Changes in NPP of different types of farmlands during different stages of flash droughts. The red text represents the average value of NPP. Due to the limited 
number of grid points in the QT and IMGW regions, these areas are not considered in comparison. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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Zhang et al. (2020) divided the regions based on longitude and latitude, 
while this study used agricultural zoning. Different identification 
methods for flash droughts can also lead to varying results. This study 
found that NPP in all regions increased to some extent during flash 
droughts, consistent with Sun et al. (2016), who found that short-term 
droughts accompanied by high temperatures can increase NPP. The 
study revealed that the LP, NE, and YRML regions had strong resilience 
from flash droughts, and Kang and Zhang (2016) found that the Middle 
and Lower Yangtze River regions had good resistance to drought. Wang 
et al. (2022) pointed out that human activities have enhanced the 
drought resistance of the Loess Plateau. The construction of terraces and 
sediment dams in the Loess Plateau can reduce soil erosion and enhance 
crops’ water and fertilizer retention capacity (Wei et al., 2016). Ridge 
furrow mulching transforms farmland into a micro-topography with 
alternating ridges and furrows, with the furrow surfaces wholly covered 
by mulch film, and crops are sown in the furrows (Zhao et al., 2014). 
Ridge furrow mulching cultivation can improve the water use efficiency 
of crops, collect precipitation and quickly infiltrate into the soil, reduce 
soil moisture evaporation, conserve natural precipitation, alleviate 
moisture stress caused by drought, and indirectly enhance the drought 
resistance of crops (Li et al., 2017). This study investigated the changes 
in crops during different periods of flash droughts; however, the impact 
of flash droughts occurring at different growth stages of crops is still 
unknown, and future research can be carried out in this direction.

4.4. Limitations and implications

This study also has certain limitations. First is the limitation brought 
by using a single reanalysis dataset. This paper only selected one dataset 
to identify flash droughts, possibly introducing inaccurate results. Sec-
ondly, our consideration is ideal, assuming that flash droughts cause all 
NPP anomalies. NPP is influenced by a variety of factors, such as the use 
of fertilizers, field management practices, floods, etc. (Herzog et al., 
2019; Huang et al., 2024; Meng et al., 2024; Xia et al., 2023; Zhu et al., 
2024). Other influencing factors beyond flash droughts must be 
excluded to assess crops’ response to NPP accurately. Future research 
can eliminate these factors to accurately assess the response of crops to 
NPP. The NPP data used in this paper is an 8-day average, and the use of 
averages may cause the variation in data to disappear. Daily NPP values 
could be used to study crop responses if conditions allow. In addition, 
there are still some issues with the division of flash drought stages. Flash 
droughts can occur quickly, so defining the two octads before the flash 
drought as the accumulation period of flash drought may be too long or 
too short. Different vegetation has different sensitivities to flash 
droughts, so setting the recovery stage as one octad after the flash 
drought may not be reasonable. A negative value in crop NPP is 
considered a response to flash drought, but if this anomaly is too small, 
does the crop not respond to flash droughts? Should a threshold be set 
when studying crop responses? This paper studies the impact of flash 
droughts on crops during different periods of flash droughts, so it may 
also be possible to study the impact of flash droughts during different 
growth periods of crops.

5. Conclusions

With the identification of two types of flash droughts in China, 
HWFD occurred more frequently and had a longer duration than PDFD 
from 2000 to 2018. HWFD was more common in rainfed cropland, while 
PDFD tended to occur in irrigated cropland. The frequency of both flash 
droughts was highest in June, with higher frequency and duration in 
summer and lower in autumn. The frequency and duration of HWFD 
were high in the LP, while PDFD was relatively long in the GX and HHH 
regions, resulting in the LP, GX, and HHH disaster-prone areas. These 
findings have implications for disaster prevention and control in critical 
regions. HWFD was more frequent and lasted longer in rainfed cropland, 
whereas PDFD occurred more frequently and for longer durations in 

irrigated cropland, providing valuable insights for informed irrigation 
decisions.

The frequency and duration of flash droughts in China’s cropland 
decreased from 2000 to 2018. Overall, the NPP response frequency to 
both flash drought types was low. NPP was more sensitive to PDFD 
regarding response frequency and response time (monthly and yearly 
variations). NPP in irrigated cropland was more sensitive to flash 
droughts, responding with high frequency in April, May, and June. The 
NPP of cropland in HHH and South China was more sensitive to flash 
drought, with high response frequency and relatively short response 
time. The resilience of different croplands to different types of flash 
droughts varied across regions. Croplands in each region were more 
resilient to HWFD and less resilient to PDFD. Rainfed cropland was more 
resilient to flash drought than irrigated cropland.
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