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Abstract

Based on 0.1◦ × 0.1◦ soil moisture reanalysis data from 1950 to 2024, combined with remote
sensing ecological products such as Enhanced Vegetation Index (EVI) and gross primary
productivity (GPP), this study systematically investigates the spatiotemporal evolution,
transition process, and ecological responses of flash droughts and slowly evolving droughts
(including seasonal and cross-seasonal droughts) in the Dongjiang River Basin of China.
The results indicate the following: (1) The average occurrence frequencies of flash droughts,
seasonal droughts, and cross-seasonal droughts within the basin were 4.1%, 7.8%, and 8.4%,
respectively. (2) The vast majority of flash droughts (approximately 90.1%) further devel-
oped into longer-lasting, slowly evolving droughts, indicating that flash droughts serve as
a critical precursor to persistent drought events. Moreover, winter was identified as the key
season for the occurrence of flash droughts and their transition to slowly evolving droughts.
(3) In terms of ecological response, droughts significantly suppressed vegetation growth,
but ecosystem resilience exhibited notable differences: although flash droughts caused
relatively mild initial suppression, they were accompanied by a severe lack of ecosystem
resilience; in contrast, cross-seasonal droughts, despite inducing stronger suppression,
were met with higher ecosystem resilience. This study underscores the importance of the
early monitoring and warning of flash droughts, and the findings provide a scientific basis
for drought risk management in humid basins.

Keywords: flash drought; slowly evolving drought; drought evolution; ecological response;
Dongjiang River Basin

1. Introduction
Climate change is currently leading to more extreme weather patterns, with the

increasing severity of droughts posing a significant challenge to water security world-
wide [1,2]. Droughts can occur in any season and any region, severely impacting water
supply, reducing agricultural and industrial productivity, and threatening ecological and
social stability [3,4]. Statistics indicate that droughts account for approximately 15% of
global natural disasters, and over the past two decades, they have caused average annual
economic losses of up to USD 6.2 billion, exceeding those from other meteorological and
hydrological hazards [5].
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Traditionally, drought has been perceived as a slowly evolving phenomenon, charac-
terized by gradual development and prolonged duration [6]. It typically originates from
a sustained period of deficient precipitation and progressively evolves into agricultural,
hydrological, ecological, and socioeconomic drought [7,8]. However, a growing body of
research [9–11] has revealed that under conditions of meteorological anomalies such as
high temperatures, strong winds, and intense solar radiation, droughts can develop rapidly
into highly destructive events. These are known as flash droughts. Unlike slowly evolving
droughts, flash droughts are characterized by sudden onset and rapid intensification, pre-
senting new challenges for early warning systems and drought mitigation efforts [12–16].
Consequently, accurately identifying flash droughts, understanding their evolution, and
assessing their impacts have become crucial scientific issues.

Among various hydro-meteorological variables, soil moisture is closely related to
vegetation growth and is widely considered an effective indicator for identifying flash
droughts [17–19]. Utilizing remote sensing and reanalysis soil moisture data, studies con-
ducted across different climate regions worldwide [20–22] have demonstrated that while
flash droughts differ from conventional slowly evolving droughts, the two are intrinsically
related. Research suggests that flash droughts constitute a subtype of drought [23]. Nev-
ertheless, previous studies have predominantly focused on distinguishing flash droughts
from slowly evolving droughts, with limited attention paid to the connections between
them. Wang et al. [24] found that in China, 9–15% of flash droughts are temporally as-
sociated with slowly evolving droughts. Liu et al. [25] showed that flash droughts in
China often occur during the onset and development phases of slow-onset droughts. Otkin
et al. [26] noted that flash droughts could either evolve into persistent droughts under
continued abnormal meteorological conditions or recover quickly following precipitation.
The combination of the suddenness of flash droughts and the persistence of slowly evolving
droughts exerts compound pressures on ecosystems. Therefore, elucidating the hydro-
logical linkages between flash and slowly evolving droughts during their evolution and
assessing their ecological impacts are of great importance for water resource management,
agricultural production, and ecological conservation.

This study takes the Dongjiang River Basin in southeastern China as a case study. The
objectives are (1) to characterize the spatiotemporal frequency of flash and slowly evolving
droughts; (2) to investigate the spatiotemporal evolution of flash droughts into persistent
droughts; and (3) to evaluate the ecological impacts during the evolution of droughts
using indicators such as the Enhanced Vegetation Index (EVI) and ecosystem water use
efficiency (eWUE). The rest of the paper is organized as follows. Section 2 introduces the
study area and datasets used in this study. The approaches for identifying flash drought
and slowly evolving drought are also described. The assessment results are presented
in Section 3. Section 4 discusses the potential uncertainties and limitations in the results.
Finally, conclusions are drawn in Section 5.

2. Materials and Methods
2.1. Study Area

The Dongjiang River Basin, a major sub-basin of the Pearl River Basin—the largest
river system in southeatern China—covers a total area of 35,340 km2 with an average
annual runoff of 25.7 billion m3 (location shown in Figure 1). Situated in a highly devel-
oped economic region of southern China, it serves as a crucial grain-producing area within
Guangdong Province and is responsible for supplying water to key cities in the Guangdong–
Hong Kong–Macao Greater Bay Area, including Shenzhen, Hong Kong, Guangzhou, Dong-
guan, and Huizhou. Although this is a humid subtropical zone with a multi-year average
temperature between 14 ◦C and 20 ◦C and annual precipitation ranging from 1200 mm
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to 2200 mm, the per capita water resources amount to only approximately 800 m3/year,
classifying it as a water-stressed region according to international standards [27,28]. Studies
have shown that flash droughts exhibit a spatially heterogeneous distribution across China,
with higher frequency in both northern and southern regions [24,25]. Against the back-
drop of rapid regional economic development, improving living standards, and increasing
environmental demands, higher requirements for water resources have been imposed
to support economic sustainability, agricultural production, and ecological conservation.
In recent years, influenced by climate anomalies and saltwater intrusion, the frequency
of drought events in the Dongjiang River Basin has increased significantly [29,30]. As a
result, the imbalance between water supply and demand has become a critical constraint to
sustainable economic, social, and ecological development in the region.

 

Figure 1. The location of Dongjiang River Basin.

2.2. Datasets

This study utilized datasets from the following sources: the ERA5-Land reanalysis
product (https://cds.climate.copernicus.eu/#!/home (accessed on 3 July 2025)) provided
by the European Centre for Medium-Range Weather Forecasts (ECMWF), the MODIS Terra
satellite’s Terra_0.05_16-Day L3 CMG product (https://ladsweb.modaps.eosdis.nasa.gov/
(accessed on 4 July 2025)), and the GOSIF_GPP dataset (https://globalecology.unh.edu/
data/GOSIF-GPP.html (accessed on 4 July 2025)).

From the ERA5-Land reanalysis product, we extracted an hourly soil moisture dataset
at a spatial resolution of 0.1◦ × 0.1◦ for the period 1950–2024, including the volumetric
soil water content at three depths, 0–7 cm, 7–28 cm, and 28–100 cm, along with actual
evapotranspiration components (soil evaporation, plant transpiration, and water surface
evaporation). A thickness-weighted average was computed to derive an integrated measure
of the soil moisture condition within the 0–1 m depth profile, which serves as a key

https://cds.climate.copernicus.eu/#!/home
https://ladsweb.modaps.eosdis.nasa.gov/
https://globalecology.unh.edu/data/GOSIF-GPP.html
https://globalecology.unh.edu/data/GOSIF-GPP.html
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indicator for drought characterization. This layer represents a critical zone for vegetation
root water uptake and is highly sensitive to drought stress [31,32]. The 16-day composite
EVI from the MODIS product (2000–2024, at 0.05◦ × 0.05◦ resolution) was used to monitor
drought-induced changes in vegetation structure. The EVI improves upon the Normalized
Difference Vegetation Index (NDVI) by reducing saturation effects in high-biomass regions
and minimizing sensitivity to soil background noise, thereby offering a more accurate
representation of canopy greenness [33,34]. The GOSIF_GPP dataset, which provides
8-day mean gross primary productivity (GPP) at 0.05◦ × 0.05◦ resolution from 2000 to
2024 [35], was employed to calculate eWUE. This functional metric was used to evaluate
the ecohydrological impacts of drought processes. To ensure consistency across all datasets,
each was resampled to a unified spatial resolution of 0.1◦ × 0.1◦ and temporally aggregated
to 8-day mean values.

In addition, to validate the applicability of the ERA5-Land soil moisture data in the
study region, we introduced soil moisture data from the Chinese Land Data Assimila-
tion System (CLDAS-V2.0) and the Global Land Data Assimilation System (GLDAS) for
comparison. The CLDAS dataset (spatial resolution: 0.0625◦ × 0.0625◦) integrates multi-
source data, including automatic weather station observations, satellite remote sensing,
and numerical model products, and is widely used in meteorological, hydrological, and
ecological studies across China. The GLDAS dataset (spatial resolution: 0.25◦ × 0.25◦),
developed by NASA’s Goddard Space Flight Center, provides global land surface variables
by assimilating satellite and ground-based observations. For this validation, the hourly
0–1 m soil moisture data from CLDAS and GLDAS for the period 2017–2024 were selected
and resampled to 0.1◦ × 0.1◦ for correlation analysis with ERA5-Land data.

2.3. Drought Identification

Based on the run theory [36], a drought event is defined as a period during which a
drought indicator value remains below or equal to a specified threshold, starting when
the value falls to or below the threshold and ending when it exceeds the threshold. For
the soil moisture percentile, the 40th percentile signifies the onset of abnormally dry soil
conditions, while the 20th percentile denotes the threshold at which moisture deficiency
can trigger substantial environmental impacts, such as vegetation deterioration [9,15].
Accordingly, the 20th percentile of soil moisture is used as the threshold for identifying
drought events [17–19,25].

The identification of flash droughts relies on two primary characteristics: rapid onset
speed and ecological impact [37]. Ford and Labosier [38] proposed that a flash drought
is characterized by a decline in soil moisture percentile from above the 40th percentile
to below the 20th percentile within no more than four pentads. This definition has been
widely adopted in subsequent research [15,17–19,25,26]. The impact of drought is generally
assessed based on its duration. According to Yuan et al. [18], a flash drought lasting at least
three pentads can cause significant ecological effects. Thus, the following criteria to identify
droughts are applied in this study:

1. A potential drought event is identified when the soil moisture percentile remains con-
tinuously below the 20th percentile for more than two 8-day periods (approximately
three pentads);

2. If the soil moisture percentile drops from above the 40th percentile to below the 20th
percentile within three 8-day periods, the event is identified as a flash drought;

3. A drought lasting between four and eleven 8-day periods (approximately one to three
months) is classified as a seasonal drought (i.e., slowly evolving drought);

4. A drought persisting beyond eleven 8-day periods (approximately three months) is
identified as a cross-seasonal drought (i.e., slowly evolving drought).
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It should be noted that, according to the above definitions, a flash drought and a
slowly evolving drought may represent different phases of the same event (i.e., a flash
drought that persists and evolves into a slowly evolving drought), or they may constitute
independent drought events. As shown in Figure 2, five drought events were identified
in a specific grid cell during the period from 2002 to 2006. Among these, Event 1 is an
independent flash drought, lasting only two 8-day intervals; Event 4 transitions from a
flash drought to a cross-seasonal drought; Event 5 develops from a flash drought into a
seasonal drought; whereas Events 2 and 3 are non-flash drought events, each representing
an independent cross-seasonal drought and seasonal drought, respectively.

Figure 2. The sketch of drought identification at the grid cell level from 2002 to 2006 (the horizontal
axis represents the sequential number of the 8-day interval within a year).

2.4. Eco-Hydrological Resilience Analysis

To quantify the response of terrestrial ecosystems to hydro-climatic disturbances,
eWUE is widely used as a key indicator characterizing the coupling of water and carbon
cycles [39–41]. eWUE is defined as the amount of carbon absorbed per unit of water lost,
where carbon absorption is represented by GPP or net primary productivity (NPP), and
water loss is represented by actual ecosystem evapotranspiration (ET). In this study, eWUE
was calculated based on 8-day GPP and ET data using the following expression:

eWUE8d =
GPP8d
ET8d

(1)

where eWUE8d is the 8-day mean ecosystem water use efficiency (g C·kg−1 H2O·(8d)−1);
GPP8d is the 8-day gross primary productivity (g C·m−2·(8d)−1); and ET8d is the 8-day
ecosystem evapotranspiration (kg H2O·m−2·(8d)−1), comprising the sum of soil evapora-
tion, vegetation transpiration, and water surface evaporation.

Sharma and Goyal [42,43] proposed a dimensionless ecosystem resilience index, Rd

(Equation (2)), to assess the overall resistance and recovery capacity of an ecosystem to
drought. A higher Rd value indicates greater resilience.

Rd =
eWUEd
eWUEm

(2)
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where eWUEd is the average eWUE value during the driest year, and eWUEm is the multi-
year average eWUE value.

However, this index only reflects the overall resilience of the ecosystem at a macro-
scopic temporal scale and cannot differentiate its response to individual drought events
of varying duration and intensity. Therefore, this study adopts individual drought events
as assessment units and proposes a new ratio, Rde (Equation (3)), defined as the ratio of
the average eWUE during a specific drought event to the average eWUE over the entire
study period. This aims to quantify ecosystem resilience to specific drought events in a
more refined manner.

Rde =
eWUEde
eWUEw

(3)

where Rde is the ecosystem resilience index for a specific drought event, eWUEde is the
average eWUE during that drought event, and eWUEw is the average eWUE over the entire
study period. Based on the Rde value, ecosystem resilience is categorized into four levels:
high resilience for Rde ≥ 1; slightly non-resilient for 0.9 ≤ Rde < 1; moderately non-resilient
for 0.8 ≤ Rde < 0.9; and severely non-resilient for Rde < 0.8 [42].

The general flowchart of this study is presented in Figure 3.

Figure 3. The general flowchart of characterizing flash and slowly evolving droughts in the Dongjiang
River Basin.

3. Results
3.1. Drought Occurrence Frequency

Figure 4 presents the Pearson correlation coefficients between ERA5-Land soil mois-
ture and the CLDAS and GLDAS datasets. The results indicate that the average correlation
coefficient between ERA5-Land and CLDAS data is 0.71 (0.49–0.84), and between ERA5-
Land and GLDAS data is 0.82 (0.70–0.90). All correlations are statistically significant
(p < 0.05). These findings confirm that the ERA5-Land soil moisture data are reason-
ably representative and suitable for drought identification and analysis in the Dongjiang
River Basin. Based on soil moisture data and the drought identification method described
above, drought events during the period 1950–2024 were identified at a grid resolution
of 0.1◦ × 0.1◦ in the Dongjiang River Basin. The results indicate that over the entire study
period, the average duration of flash drought events was 142.5 (in 8-day intervals), seasonal
droughts 267.6, and cross-seasonal droughts 289.8. As shown in Figure 5, the frequency
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of occurrence (FOC) of flash drought, seasonal drought, and cross-seasonal drought was
4.1% (range: 0.1–8.6%), 7.8% (5.7–10.5%), and 8.4% (5.7–11.0%), respectively. The aver-
age proportions of these three drought types in the total drought duration were 24.9%,
46.9%, and 50.7%, respectively. Further analysis reveals that 9.9% of flash droughts were
short-lived and did not develop into slowly evolving droughts, whereas 24.7% eventually
transitioned into seasonal droughts and 65.4% evolved into cross-seasonal droughts. These
findings indicate that droughts in the Dongjiang River Basin are predominantly medium-
to long-term seasonal and cross-seasonal events. A significant transformation relationship
exists between flash droughts and gradual-onset droughts, indicating that flash droughts
can serve as important precursors to medium- and long-term droughts.

Figure 4. Correlation coefficients of ERA-land 0–1 m soil moisture against CLDAS and GLDAS.

   
(a) FOC in all 8-day intervals (b) FOC in all drought duations (c) FOC in Flash droughts 

Figure 5. Statistical box plot of drought occurrence frequency in the Dongjiang River Basin.

The seasonal characteristics of flash droughts, based on the timing of their onset, are
summarized in Table 1. The majority of flash droughts occurred in winter, with a smaller
number emerging in autumn and summer, and the lowest frequency observed in spring.
Furthermore, flash droughts that occurred in winter were more likely to further develop
into seasonal droughts and cross-seasonal droughts.

Table 1. Seasonal characteristics of flash drought evolution in the Dongjiang River Basin.

FOC (%) Spring Summer Autumn Winter

FD_alone 1.8 9.4 12.3 74.0
FD_SD 2.6 1.2 5.0 88.0

FD_CSD 0.1 0.0 0.2 98.5
Notes: FD_alone denotes flash droughts that occur independently; FD_SD denotes flash droughts that evolve into
seasonal droughts; FD_CSD denotes flash droughts that evolve into cross-seasonal droughts.



Water 2025, 17, 2925 8 of 16

Figure 6 illustrates the spatial patterns of the occurrence frequency of flash, seasonal,
and cross-seasonal droughts. As seen in Figure 6a, the occurrence frequency of flash
drought shows distinct spatial variability, with higher values in the northern mountainous
region and lower values in the southern plains. The spatial distribution of cross-seasonal
drought frequency is strongly consistent with elevation (Figure 6b), being generally higher
in high-altitude areas. In contrast, seasonal drought frequency is relatively higher in the
southern plains (Figure 6c).

   
(a) Flash drought (b) Seasonal drought (c) Cross-seasonal drought 

Figure 6. Spatial distribution of drought occurrence frequency in the Dongjiang River Basin.

3.2. Spatiotemperal Evolution of Drought Events

To further investigate the transition processes between flash droughts and slowly
evolving droughts, this study reconstructed the evolution of two typical drought events
that occurred in the Dongjiang River Basin in 1997 and 2004. Figure 7 illustrates the tem-
poral evolution of these two drought events within a representative grid cell. As shown
in Figure 5a, during the period from 24 October to 9 November 1997, the soil moisture
percentile decreased rapidly from 44.1th to 19.2th over two 8-day intervals, with a decline
rate of 12.5th percentile per 8-day interval, exceeding the identification threshold for flash
drought (6.7th percentile/8-day). Furthermore, the drought condition (soil moisture below
the 20th percentile) persisted for two 8-day intervals, consistent with the definition of
a flash drought. The drought event ended on 23 November, with soil moisture recov-
ering to the 29.2th percentile. Spatially, as depicted in Figure 8, the drought developed
rapidly within just two 8-day intervals. Soil moisture declined sharply in the high-elevation
areas of the northern and southeastern parts of the basin, leading to severe drought con-
ditions. However, the drought duration was short, and soil moisture recovered quickly
across the region. Overall, this flash drought event had a limited spatial extent, primarily
affecting high-altitude areas in the north and southeast, while other regions remained
unaffected throughout.

The 2004 drought event was characterized by its long duration and persistence. As
illustrated in Figure 7b, the development phase began on 21 September 2004. The soil
moisture percentile dropped sharply from 49.1th to 19.8th within two 8-day intervals, at
a rate of 14.7th percentile/8-day, well above the flash drought identification threshold.
Subsequently, soil moisture continued to decrease, and drought conditions were sustained
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over a longer period, eventually evolving into a cross-seasonal drought lasting 16 eight-day
intervals. The spatial evolution of this event is shown in Figure 9. The drought originated
in the high-elevation northern region and intensified rapidly to severe drought within
two 8-day intervals, and then gradually expanded southward. The northern area entered
extreme drought conditions by the third 8-day interval, and by the fourth interval, drought
had spread across the entire basin. The severe drought conditions persisted across the
whole basin for 13 eight-day intervals, with extreme drought lasting for 8 intervals.

A comparison between the isolated flash drought in 1997 and the flash drought that
transitioned into a cross-seasonal event in 2004 reveals that the latter was significantly more
severe in terms of intensity, duration, and spatial extent.

  
(a) The 1997 drought event (b) The 2004 drought event 

Figure 7. Temporal evolution of the two drought events in the Dongjiang River Basin in 1997 and 2004.

 

Figure 8. Spatial evolution of the 1997 drought event in the Dongjiang River Basin.
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Figure 9. Spatial evolution of the 2004 drought event in the Dongjiang River Basin.

3.3. Ecological Responses to Droughts

Statistical values of EVI, eWUE, and Rde during different types of drought in the
Dongjiang River Basin are presented in Table 2. Compared to non-drought periods, EVI val-
ues decreased during droughts, indicating the inhibitory effect of drought on plant growth—
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particularly pronounced during long-duration cross-seasonal droughts. The ecosystem’s
resistance responses varied across drought types: resilience against flash droughts was the
weakest, showing moderately non-resilient; resistance to seasonal droughts was charac-
terized by slightly non-resilient; whereas resistance to cross-seasonal droughts remained
strong. From the perspective of flash drought evolution, standalone flash droughts had lim-
ited inhibitory effects on plant growth, but the ecosystem exhibited severely non-resilient.
Flash droughts that evolved into seasonal droughts also showed relatively mild inhibition
on plant growth, with the ecosystem displaying slightly non-resilient. In contrast, flash
droughts that progressed into cross-seasonal droughts strongly inhibited plant growth, yet
the ecosystem maintained strong drought resistance.

Table 2. Statistical values of EVI, WUE, and Rde during different types of drought in the Dongjiang
River Basin.

Mean Value EVI eWUE Rde

ND 0.42 0.44 -
FD 0.40 0.40 0.89
SD 0.38 0.41 0.93

CSD 0.34 0.45 0.99
FD_alone 0.42 0.34 0.77

FD_SD 0.42 0.40 0.93
Notes: ND indicates no drought; FD indicates flash drought; SD indicates seasonal drought; CSD indicates
cross-seasonal drought.

To further investigate the resilience of ecosystem in the Dongjiang River Basin to
different drought events, Rde values of flash droughts with varying durations, as well as
seasonal and cross-seasonal droughts that evolved from non-flash droughts, were compared.
The results are shown in Figures 10 and 11. Figure 10 illustrates variations in resilience
of the ecosystem to flash droughts with different durations. The ecosystem exhibited
moderate non-resilient to short-duration flash droughts (2–4 8-day periods). As drought
duration increased and flash droughts evolved into seasonal droughts, the ecosystem’s
resilience improved, showing particularly strong resilience at 10–11 8-day periods. When
flash droughts further evolved into longer-duration cross-seasonal droughts, the ecosystem
largely maintained strong resilience. Compared to seasonal and cross-seasonal droughts
that evolved from non-flash droughts (Figure 11), Rde values were generally higher for those
evolved from flash droughts. Thus, the ecosystem overall exhibited stronger resilience to
seasonal and cross-seasonal droughts that originated from flash droughts.

Figure 10. Relationship between flash drought duration and Rde in the Dongjiang River Basin.
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(a) Seasonal drought (b) Cross-seasonal drought 

Figure 11. Relationship between drought duration and Rde for (a) seasonal drought and (b) cross-
seasonal drought (evolved from non-flash drought) in the Dongjiang River Basin.

4. Discussion
This study utilized an 8-day time scale, consistent with the temporal resolution of

GPP and EVI data, for drought identification to ensure coherence in the scale of data used
for ecological impact analysis. Unlike the pentad scale commonly adopted in previous
studies, the choice of time scale may influence the number and frequency of drought
events extracted. Figure 12 compares the frequency of occurrence of different types of
droughts identified using the 8-day and pentad scales. The discrepancies between the
two time scales were less than 0.9% in terms of the proportion of time units affected by
drought, less than 3.7% in the proportion of total drought events, and less than 3.5% in
the proportion of flash drought evolution. Further Mann–Whitney U tests were conducted
on the drought event counts extracted from 318 grids under both time scales. The results,
presented in Table 3, indicate no significant differences in the counts of flash droughts,
seasonal droughts, cross-seasonal droughts, or the transitions of flash droughts to seasonal
or cross-seasonal droughts. Moreover, the frequency of flash droughts obtained in this
study is consistent with existing research. Li et al. [44] reported a flash drought frequency
of 2–6% in the southeastern Pearl River Basin (within which the Dongjiang River Basin is
located) during 1960–2015, and Zhao et al. [45] documented a frequency of 3–8% for flash
droughts in southeastern China over a comparable period. These consistencies support the
reliability of the present findings.

Potential uncertainties associated with the remote sensing and reanalysis datasets
should also be acknowledged. The MODIS EVI and GOSIF_GPP products may be af-
fected by cloud contamination, aerosol loading, and sensor degradation over time [33–35].
Although the 16-day and 8-day composites mitigate some atmospheric effects, residual
noise may persist. Similarly, ERA5-Land, as a model-based reanalysis, might not capture
extremely localized soil moisture variations due to its spatial resolution. Nevertheless, the
consistent drought patterns derived from these three independent datasets enhance the
credibility of our results. Future studies may further reduce uncertainties by incorporating
higher-resolution satellite data or ground-based observations.

It is also important to note that this study primarily addresses the climatic and ecolog-
ical aspects of soil moisture-based drought. In reality, drought impacts on water security
and ecosystems are also modulated by human activities. In the highly developed Dongjiang
River Basin, water resource management practices (e.g., reservoir operations, inter-basin
water transfer) and land-use changes (e.g., urbanization, irrigation) can significantly alter
drought propagation and impacts. Although incorporating these factors was beyond the
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scope of this climatological analysis, they are essential for a comprehensive drought risk
assessment. Future research should aim to integrate socio-hydrological data to better
understand drought dynamics in managed river basins.

Figure 12. Comparison of the occurrence frequency of different types of droughts identified using the
8-day scale and the pentad scale. /P denotes the proportion of a specific drought type relative to all
time units, and /D represents the proportion of a specific drought type relative to the total number of
drought events.

Table 3. Results of the Mann–Whitney U test for drought event counts extracted using the 8-day scale
and the pentad scale.

Drought Type p Value Effect Size |r|

FD 0.00 0.14
SD 0.00 0.29

CSD 0.00 0.45
FD_SD 0.00 0.20

FD_CSD 0.04 0.08

Finally, drought evolution is driven by multiple meteorological factors, including
temperature, precipitation, wind speed, and solar radiation. The transition between flash
and slowly evolving droughts investigated in this study, along with associated ecological
effects, is closely related to variations in these meteorological variables. In particular,
under the increasing occurrence of extreme climate events in recent years, extreme weather
phenomena may further alter drought evolution patterns. Therefore, future research
should focus on elucidating the role of meteorological drivers in the transition from flash
to slowly evolving droughts and identifying critical conditions and mechanisms governing
these processes.

5. Conclusions
Based on soil moisture reanalysis data and remote sensing ecological products such

as EVI and GPP, this study systematically identified and analyzed the spatiotemporal
evolution characteristics and ecological responses of flash droughts and slowly evolving
droughts in the Dongjiang River Basin, China. The average durations of flash droughts,
seasonal droughts, and cross-seasonal droughts were 142.5, 267.6, and 289.8 eight-day peri-
ods, respectively, with cross-seasonal droughts being the longest-lasting and most severe.
In terms of frequency of occurrence, flash droughts accounted for 4.1% of the total time
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units, while seasonal droughts and cross-seasonal droughts accounted for 7.8% and 8.4%,
respectively. Most flash droughts further developed into longer-lasting drought events.
Specifically, 9.9% of flash droughts were short-lived and did not evolve further, 24.7%
transitioned into seasonal droughts, and 65.4% eventually developed into cross-seasonal
droughts, indicating that flash droughts serve as an important precursor to persistent
drought events in the basin. Flash droughts occurred most frequently in winter and were
more likely to evolve into slowly evolving droughts during this season. Analysis based
on ecological indicators such as EVI, eWUE, and Rde demonstrated that droughts signifi-
cantly suppressed vegetation growth. It is noteworthy that ecosystems exhibited distinct
resilience patterns to different types of droughts: flash droughts caused relatively mild
initial suppression of vegetation, but were associated with poor ecosystem resilience; in
contrast, cross-seasonal droughts, despite inducing stronger initial suppression, were met
with higher ecosystem resilience.

These findings have practical implications for drought early warning and management
in the Dongjiang River Basin and other humid subtropical regions. The high probability of
flash droughts evolving into persistent droughts, especially in winter, highlights the need
for monitoring rapid soil moisture declines as a precursor to significant water shortages.
Early warnings triggered by flash drought conditions could allow water managers to
implement proactive measures, such as adjusting reservoir storage and promoting water
conservation in agriculture. Furthermore, the varying ecosystem resilience to different
drought types suggests that restoration efforts should be tailored accordingly; ecosystems
recovering from short-lived flash droughts may need different interventions than those
subjected to prolonged cross-seasonal stress.
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