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Abstract 

Drought-flood abrupt alternation (DFAA) is a compound extreme that is particularly consequential in densely populated deltas, 

yet its long-term behaviour in the Pearl River Delta (PRD) remains poorly resolved. Using the AgERA5 daily gridded 

precipitation dataset, this study identified DFAA events with the standardized weighted average precipitation (SWAP) index 

combined with run theory and analyzed their spatiotemporal evolution with the Theil-Sen slope estimator. The annual mean 

SWAP declined weakly and not significantly (β=−0.0040 SWAP a-1, P=0.061), and the decline was essentially a spring signal, 

as spring decreased significantly (β=−0.0153 SWAP a-1, P=0.001) and determined the sign of the annual trend, whereas summer, 

autumn, and winter showed no significant trend. Significant spring drying covered most of the delta and was steepest in the 

northwest, while no grid cell was significant in the other seasons. DFAA events affected 7.55% of grid cells in an average year 

with spring dominating the event season, accounting for 61.4% of grid cells and 51.7% in March alone, followed by summer, 

whereas December formed a secondary peak (8.4%) and autumn was least active (below 6%). Frequency, probability, intensity, 

and duration were spatially coupled, all peaking along the urbanized coast (southwestern Jiangmen, western Zhuhai, central 

Zhongshan, and Huizhou) and all lowest in northern Zhaoqing and on the offshore islands, while the longest episodes (60-85 

days) occurred in the southwest. DFAA in the PRD is therefore a spring, pre-flood-season hazard with a coastal signature, so 

monitoring and water-management schedules keyed to the typhoon season would miss most events. 
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1. Introduction 

Under the background of global warming, the water cycle 

has intensified, extreme precipitation and prolonged drought 

events have become more frequent, and drought-flood abrupt 

alternation (DFAA) has become increasingly prominent [1, 2]. 

DFAA refers to a meteorological and hydrological event in 

which a region shifts rapidly from a persistent drought state to 

an extreme flood state, or vice versa, within a short period [3]. 

Such events are characterized by strong suddenness, rapid 

evolution, difficult prediction and prevention, and pronounced 

disaster-chain effects [4, 5]. They can cause serious harm to 

agricultural production [6, 7], water supply [8], urban water-

logging control, and the ecological environment [8, 9]. Scien-

tifically identifying regional DFAA events and revealing their 

spatiotemporal evolution are therefore of considerable practi-

cal significance for improving disaster early warning and risk 

prevention and control. 
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At present, DFAA events are mostly identified on the basis 

of meteorological drought indices. Early indices used precip-

itation alone over monthly or longer windows, such as the 

long-cycle drought-flood abrupt alternation index (LDFAI), 

contrasting the standardized precipitation of two adjacent two-

month periods, was the first index designed to quantify DFAA 

[6], but fixing the transition at the window boundary allows 

anomalies on either side to offset one another, smoothing 

events within a window and leaving abruptness unrepresented 

[6, 10]. The short-cycle index (SDFAI), the precipitation-

based SPI, and the SPEI, which additionally accounts for 

evaporative demand, are likewise monthly or longer; as win-

dow averages, they weight all days equally, ignore earlier pre-

cipitation and cannot resolve the instantaneous state of the 

land-atmosphere system [10]. Another identification method 

retains the index-plus-run-theory architecture but shortens the 

timescale. Lu [11] proposed the weighted average precipita-

tion (WAP), in which antecedent precipitation contributions 

decay exponentially, and standardized it with a fitted Gamma 

distribution to obtain the standardized weighted average pre-

cipitation (SWAP) index. Because the weights decay rather 

than being truncated by a window, SWAP requires no prede-

fined timescale and permits daily determination of the onset, 

duration, and strength of drought and flood [11]. Based on run 

theory and memory parameters, it has become a standard tool 

for daily DFAA identification in the Yangtze [2, 12] and Pearl 

River Basins [13] and has outperformed SPI and SPEI in iden-

tification effectiveness [13]. In addition, with the improve-

ment of data availability and the demand for capturing rapid 

transitions, DFAA identification has gradually moved from 

monthly scales toward daily or finer scales [3, 10], which bet-

ter reflects the suddenness of drought-flood shifts. 

In China, considerable research on DFAA has already been 

carried out at different spatiotemporal scales, with most stud-

ies focusing on its spatiotemporal evolution, driving forces, 

and the associated ecological and socio-economic impacts [7, 

8]. DFAA is prevalent in the central and southeastern part of 

the country, the principal hotspots being the Huang-Huai-Hai 

River Basin, the middle and lower Yangtze River Basin, the 

southeastern coast, and southwestern China [7, 14]; a soil-

moisture-based assessment additionally identified the Yun-

nan-Guizhou Plateau, the Northeast China Plain, and the 

northern arid and semi-arid region [5, 15]. Seasonality is re-

gionally phased: June-September is nationally the most fre-

quent and intense period [7], with July dominating in the 

Huang-Huai-Hai Basin (40.8% of the annual total), June-July 

in the middle and lower Yangtze [6] and June and August on 

the southeastern coast [7]. Trends are non-uniform: nationally 

events have become fewer but more severe; in the Huang-

Huai-Hai Basin July frequency fell by 0.6 per decade while 

intensity rose by 0.8 per decade [7]; coverage has expanded 

and drought-to-flood events have migrated northward [14]. 

Case studies in the Beijing-Tianjin-Hebei region, Hainan Is-

land and Henan Province [16-18] show similar heterogeneity; 

attribution studies invoke large-scale circulation such as El 

Niño-Southern Oscillation (ENSO) [6], relative humidity and 

near-surface temperature [2], and precipitation, evapotranspi-

ration and vegetation [19]. 

The Pearl River Delta (PRD) is one of China's most densely 

populated and economically developed urban agglomerations, 

where the East Asian summer monsoon, the pre-flood season 

and typhoon activity drive extreme precipitation variability; 

its most severe DFAA events occur frequently [7]. Basin-scale 

studies have established the most suitable index [13] and char-

acterized the seasonal and spatial patterns of the basin as a 

whole [19, 20], but they resolve neither the fine structure of 

the delta nor the full set of event attributes, and stop short of 

the most recent decades. A long, internally consistent record 

of the frequency, probability, intensity, and duration of DFAA 

events across the PRD, and of their spatial distribution, is 

therefore lacking. Therefore, by using a long-term daily pre-

cipitation dataset, the SWAP model, and run theory, this study 

identifies DFAA events in the PRD, quantifies their inter-an-

nual and seasonal trends, maps the spatial patterns of event 

frequency, probability, intensity, and duration, and discusses 

the implications for disaster prevention and water resources 

management in a rapidly urbanizing coastal delta. 

2. Materials and Methods 

2.1. Study Area 

The PRD (21°17′36″-23°55′54″N, 111°59′42″-

115°25′18″E) lies in the south-central part of Guangdong 

Province, at the estuary of the lower Pearl River Basin (PRB), 

and is one of the most important estuarine deltas on the south-

east coast of China (Figure 1). Administratively it comprises 

the entire territories of nine prefecture-level cities, i.e., Guang-

zhou, Shenzhen, Zhuhai, Foshan, Dongguan, Zhongshan, 

Jiangmen, Huizhou, and Zhaoqing. It covers a total land area 

of about 56,000 km2, accounting for 31.5% of Guangdong 

Province, and is one of the regions of China with the highest 

population density, the highest level of urbanization and the 

most developed economy. 
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Figure 1. Geographic location of the study area. 

The climate here belongs to the southern subtropical mon-

soon climate zone and is jointly affected by the East Asian 

summer monsoon, the western North Pacific subtropical high 

and typhoon activity, which gives it a distinctive climate: hot 

and rainy summers, mild and dry winters, a mean annual tem-

perature of 22-23 °C and annual precipitation of 1500-2000 

mm [20]. Precipitation is highly uneven in space and time: 

more than 80% of it falls during the flood season from April 

to September; on average, three to four typhoons make land-

fall each year; and extreme heavy rainfall events occur fre-

quently. 

Topographically, the region is dominated by the PRD plain, 

with higher elevations in the northwest and lower ones in the 

southeast (Figure 1). The northwest consists of low hills and 

the southeast is an alluvial plain crisscrossed by a dense river 

network; the density of this network ranks first in China, and 

water bodies account for more than 10% of the area. At the 

same time, the PRD is densely populated and industrially con-

centrated, with well-developed industry and agriculture and 

continuously expanding urban built-up areas. Its land surface 

is complex and highly sensitive to drought and flood hazards, 

and the vulnerability of the exposed receptors is high [11]. 

DFAA events therefore readily pose a significant threat to re-

gional agricultural production, water resource security and so-

cioeconomic stability. 

2.2. Data Sources and Processing 

Calculation of the standardized weighted average precipita-

tion (SWAP) index requires a continuous and complete daily 

precipitation series. The AgERA5 daily gridded precipitation 

dataset (https://cds.climate.copernicus.eu/) was therefore used 

as the data source. Released by the European Centre for Me-

dium-Range Weather Forecasts (ECMWF), it covers the pe-

riod 1979-2025, has a spatial resolution of 0.1°×0.1° and a 

daily temporal resolution, and provides daily accumulated 

precipitation (mm d-1). Compared with conventional station-

interpolated products, AgERA5 assimilates satellite remote 

sensing, ground observations, and numerical model infor-

mation and has passed the operational quality-control proce-

dures of ECMWF, effectively removing the data inhomoge-

neity caused by changes in the observing system [21]; it is 

therefore particularly suitable for constructing drought indices 

that require high spatiotemporal continuity. Compared with 

the traditional standardized precipitation index (SPI), the 

SWAP index introduces a decay weight for antecedent precip-

itation, allowing a finer characterization of the cumulative ef-

fect and the rapid transitions of drought and flood states, and 

it has proved better suited to DFAA identification in the PRB 

[12, 13]. 

In addition, the PRD referred to in this study is delineated 

by administrative boundaries. The city-level boundary data 

were obtained from the standard map service website of the 

Ministry of Natural Resources (https://www.tianditu.gov.cn/). 

2.3. Methods 

2.3.1. Standardized Weighted Average Precipitation 

(SWAP) Index 

The SWAP index rests on the premise that the drought or 

flood state of a given day is affected both by the antecedent 
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drought-flood state and by the precipitation of that day; it can 

therefore be used not only to measure the current meteorolog-

ical drought-flood state but also to represent the cumulative 

effect of drought and flood [2, 13]. The SWAP is calculated 

by assuming that the weighted average precipitation (WAP) 

series for the same calendar day follows a Gamma distribution, 

fitting the WAP of a given period with the Γ distribution, and 

finally standardizing the cumulative probability distribution to 

a normal distribution. The equations are as follows: 

WAPi=
∑ anPn
N
n=1
∑ an
N
n=1

=∑ wnPn
N
n=1

               (1) 

wn=(1-a) an-1
                     (2) 

where WAP denotes the weighted average precipitation; Pn is 

the precipitation on day n; wn is the weight of Pn; a is the decay 

parameter of the weight over time; and N is the number of pre-

ceding days that affect precipitation. The values of a and N are 

generally determined by the local soil-water system of the 

study area; empirically, a=0.9 and N=14 are usually adopted 

[12, 13]. A relatively large value of a reduces the sensitivity 

of the SWAP to current precipitation, and a=0.9 was chosen 

here to prevent the SWAP from fluctuating frequently in re-

sponse to minor precipitation events. Because SPI, SPEI and 

SWAP follow the same standardization procedure, their val-

ues have the same statistical meaning [2, 13]. A uniform 

standardized cumulative frequency distribution was therefore 

used to classify drought and flood grades (Table 1). 

Table 1. Classification of drought and flood intensity based on the SWAP index. 

Grade Severity SWAP value Grade Severity SWAP value 

4 Extreme flood I ≥2.0 -1 Light drought -1.0<I≤-0.5 

3 Severe flood 1.5≤I<2.0 -2 Moderate drought -1.5<I≤-1.0 

2 Moderate flood 1.0≤I<1.5 -3 Severe drought -2.0<I≤-1.5 

1 Light flood 0.5≤I<1.0 -4 Extreme drought I≤-2.0 

0 Normal -0.5<I<0.5    

 

2.3.2. Identification of DFAA Events 

Run theory (threshold theory) is a time-series analysis 

method that allows the various attributes of droughts and 

floods to be extracted easily [2, 13]. Following Table 1, thresh-

olds for identifying drought and flood events and the abrupt 

alternation process were set. The upper limit of the moderate 

drought grade, -1.0, was taken as the drought-event threshold 

X0, and the lower limit of the moderate flood grade, 1.0, as the 

flood-event threshold X1 [2]. The minimum duration of a 

drought or flood event was set to 10 days (one 10-day period): 

a drought event is identified when the SWAP index remains 

below X0 for at least 10 consecutive days, and a flood event 

when the index remains above X1 for at least 10 consecutive 

days. The threshold for the interval between a drought state 

and a flood state was set to 8 days: if a drought event is fol-

lowed by a flood event and the interval between them is no 

longer than 8 days, the process constitutes one complete 

DFAA event. 

To avoid the influence of days with trace rainfall, an event-

merging method was introduced to handle consecutive 

drought or flood events: adjacent drought events (or flood 

events) separated by only a short interval should be merged 

into a single event [12]. Two conditions must both be satisfied 

for merging: (i) interval constraint, the interval between two 

consecutive drought events (or flood events), that is the dif-

ference between the start date of the later event and the end 

date of the earlier event, must not exceed 2 days; and (ii) in-

tensity-ratio constraint, the ratio of the intensity exceeding S 

within the interval between adjacent events to the event inten-

sity Sf of the preceding event must not exceed the critical value 

Pc=0.2. The equation is as follows: 

S Sf
⁄ ≤Pc

                       (3) 

On the basis of the set of identified DFAA events, four core 

statistics were defined for the analysis of spatiotemporal char-

acteristics: the frequency, probability, intensity, and duration 

of DFAA events. Frequency is the total number of DFAA 

events within the statistical period, including both drought-to-

flood and flood-to-drought events. Probability expresses the 

frequency of occurrence as an annual probability, that is, the 

ratio (%) of the number of years in which DFAA events oc-

curred (counted once regardless of how many events occurred 

in a year) to the total number of years. Intensity is the abrupt-

alternation intensity of an entire DFAA event, that is, the ratio 

of the sum of the absolute SWAP values during a DFAA event 

to the length of the abrupt alternation period. The equations 

are as follows: 
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I = 

∑ |SWAPi
|D

i＝1

D

                     (4) 

where I is the event intensity, D is the length of the abrupt 

alternation period, and SWAPi is the SWAP index value on 

day i of the abrupt alternation period. The natural breaks 

(Jenks) method was used to classify abrupt-alternation inten-

sity into five grades to facilitate the subsequent analysis and 

description, i.e., low, relatively low, moderate, relatively high 

and high (Table 2). 

Table 2. Grading criteria for the intensity of DFAA event. 

DFAA intensity grade Range of I DFAA intensity grade Range of I 

Low 0≤I<18 Relatively high 55≤I<74 

Relatively low 18≤I<36 High 74≤I<93 

Moderate 36≤I<55   

 

The duration of a DFAA event is the total elapsed time of 

one complete DFAA event: for a drought-to-flood event, from 

the onset of drought to the end of flooding; for a flood-to-

drought event, from the onset of flooding to the end of drought. 

2.3.3. Sen's Slope Trend Analysis and the Mann-

Kendall Test 

Sen's slope trend analysis is a robust non-parametric statis-

tical method suitable for time series containing outliers or 

missing values [22]. It evaluates the trend of a time series by 

computing the median slope of the data (the Theil-Sen median 

trend analysis), which makes it insensitive to outliers and ex-

treme values and thus allows long-term trends to be captured 

more robustly. It is calculated as follows: 

β = median (
xj-xi

j-i
)                    (5) 

where β is the median slope of the series and xi and xj are the 

data values at the i-th and j-th time points of the series, respec-

tively. A value of β>0 indicates an upward trend in the data, 

whereas β<0 indicates a downward trend. 

The Mann-Kendall (MK) test is a non-parametric test for 

trends in time series. When testing the significance of trends 

in long time series, it requires neither a normal distribution of 

the measured values nor freedom from missing values and 

outliers [23]. In this study the MK trend test was used to test 

the trend of the DFAA index, as follows. Given a series xt, let 

the magnitude relationship between xi and xj be S. The test sta-

tistic Z is used for the trend test, and is calculated as follows: 

Z=

{
 
 

 
 S

√Var(S)
, (S>0)

 0, (S=0) 
S+1

√Var(S)
, (S<0)

                    (6) 

In Equation (6), S is the test statistic and Var(…) is the var-

iance, calculated as follows: 

S=∑ ∑ sgn(xj-xi)
n
j=i+1

n-1
i=1

                (7) 

Var(S)=
n(n-1)(2n+5)

18

                   (8) 

In Equation (7), sgn (…) is the sign function, calculated as 

follows: 

sgn(xj-xi)={
+1, (xj-xi>0)

 0, (xj-xi=0) 

-1, (xj-xi<0)

               (9) 

In the above equations, n is the number of data points in the 

series. When n≥8, the statistic S approximately follows a nor-

mal distribution. From the standard normal distribution table, 

the critical value at the 0.05 significance level is Z1-α/2, i.e. 1.96. 

When |Z| is less than or equal to 1.96, the series shows no sig-

nificant trend; otherwise, it exhibits a clear trend (upward or 

downward). 

3. Results 

3.1. Spatiotemporal Variation of the SWAP 

3.1.1. Temporal Variation of the SWAP 

Figure 2 shows the inter-annual variation in the annual and 

seasonal mean SWAP over the PRD from 1979 to 2025. Each 

panel reports the Theil-Sen slope (β, in SWAP a-1) and its as-

sociated significance value (P), with the dashed line represent-

ing the fitted trend. The annual series fluctuated around zero 

without any sustained dry or wet phase and declined slightly 

over the study period (β=−0.0040 SWAP a-1, P=0.061), a 

change that did not reach the 5% significance level (Figure 2a). 
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The annual series exhibited pronounced inter-annual oscilla-

tions, with no persistently extreme high or low phases, indi-

cating that DFAA events in the study area are manifested 

mainly as alternating wet-dry transitions at the inter-annual 

scale. The relatively high annual mean SWAP values occurred 

in 1983, 1997 and 2016, years in which DFAA events were 

relatively intense and the wet-dry transitions vigorous; the rel-

atively low values were concentrated in 1991, 2004, 2007, 

2011 and 2021, reflecting relatively gentle wet-dry transitions 

and weaker DFAA intensity in those years. 

The changes of seasonal series differed markedly (Figure 

2b-e). Spring showed the largest and the only statistically sig-

nificant trend, decreasing at 0.0153 SWAP a-1 (P=0.001), and 

this spring decline essentially determined the sign of the an-

nual trend. Summer and autumn produced small positive 

slopes that were not statistically significant (β=0.0020 SWAP 

a-1, P=0.647 and β=0.0023 SWAP a-1, P=0.620, respectively), 

and winter was close to trendless (β=−0.0002 SWAP a-1, 

P=0.331). Note that the ordinate of the winter panel spans only 

−0.05 to 0.05, far less than those of the other four panels; the 

amplitude of winter variation is therefore much smaller. 

 
Figure 2. Inter-annual variation of seasonal SWAP in the PRD from 1979-2025. 

3.1.2. Spatial Variation of the SWAP 

Figure 3 shows the spatial distribution of the seasonal 

trends in the SWAP over the PRD during the study period; the 

changes in the SWAP differed markedly among seasons. 

Spring is the season with the most pronounced SWAP trend 

in the PRD: over most of the region the SWAP trend was neg-

ative, with change rates generally below -0.01 SWAP a-1, and 

the great majority of grid cells passed the significance test at 

the 95% confidence level (Figure 3a). Spatially, the decrease 

was most pronounced in the northwest (Zhaoqing), where 

trend values reached -0.02 to -0.015 SWAP a-1, showing 

marked aridification and a continuously deepening DFAA in-

tensity; the trends in the central-eastern and southern coastal 

areas were somewhat smaller but still significantly negative. 

This indicates that in spring, the intensity of DFAA events in-

creased significantly throughout the PRD, and that the DFAA 

risk has continued to rise against a background of aridification. 

In summer, the spatial pattern of the SWAP trend showed a 

clear north-south contrast (Figure 3b). The northern part was 

dominated by weak negative trends, with change rates be-

tween -0.005 SWAP a-1 and 0, indicating a tendency towards 

drought; the southern part was dominated by positive trends, 

with change rates between 0 and 0.005 SWAP a-1, indicating 

a tendency towards flooding. Overall, the SWAP change rates 

of all grid cells in summer fell between -0.005 and 0.005 

SWAP a-1, but none of the trends was significant, indicating 

that DFAA in the PRD has no marked long-term trend in sum-

mer. 
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(Note: black dots denote grid cells that pass the significance test at P<0.05.) 

Figure 3. Spatial distribution of the seasonal trends of SWAP over the PRD from 1979-2025. 

In autumn, the spatial distribution of the SWAP trend 

showed a pattern of positive trends in the south and weak 

trends in the north (Figure 3c). The southern coastal area was 

dominated by significant positive trends, with change rates be-

tween 0 and 0.005 SWAP a-1, representing a tendency towards 

flooding there in autumn, whereas the trends in the northern 

area were weak and showed no clear bias towards drought or 

flood. No grid cell passed the significance test in autumn ei-

ther, indicating that autumn DFAA characteristics likewise 

show no statistically significant trend. 

In winter, the spatial distribution of the SWAP trend con-

sisted mainly of weak positive trends over the whole region 

(Figure 3d), with only sporadic weak negative trends along the 

southern coast; the change rates over the region ranged from -

0.0001 to 0.003 SWAP a-1, far smaller in magnitude than in 

spring. Again, no grid cell passed the significance test in win-

ter, indicating that DFAA events in the PRD have no signifi-

cant long-term trend in winter and that their characteristics are 

relatively stable. 

 

 

3.2. Spatiotemporal Distribution of DFAA 

Events in the PRD 

3.2.1. Temporal Characteristics of DFAA Events 

Figure 4 shows the inter-annual variation in the proportion 

of grid cells affected by DFAA events in the PRD from 1979 

to 2025. Over the study period this proportion averaged 7.55%, 

with marked inter-annual differences. The years 1987 and 

1990 were the peak years with proportions of 47.0% and 

46.3%, respectively, indicating that DFAA in the two years 

had the widest impact and the greatest severity; they were fol-

lowed by 2022, with 35.50%, the most prominent year for 

DFAA in the last decade. At the same time, no obvious DFAA 

events were detected in a number of years, mainly 1982-1986, 

1993-1996, 2001-2005, and 2023-2025, indicating that pre-

cipitation processes in those years were relatively stable and 

the wet-dry transitions weak. In addition, the proportion ex-

ceeded 10% in 1979-1981, 1992, 2000, 2008-2009, 2012 and 

2017. The period 2006-2015 was one of moderate, fluctuating 

http://www.sciencepg.com/journal/earth


Earth Sciences http://www.sciencepg.com/journal/earth 

 

259 

activity, showing a clear intermittent pattern of high occur-

rence. These results reflect the large inter-annual variability 

and pronounced episodicity of DFAA events in the PRD, and 

an overall tendency towards greater activity after the begin-

ning of the 21st century. 

 
Figure 4. Inter-annual variation in the proportion of grid cells experiencing DFAA events in the PRD from 1979 to 2025. 

Figure 5 illustrates the spatial differentiation and seasonal 

distribution of peak DFAA events across the PRD from 1979 

to 2025. Seasonally, spring is the most dominant high-inci-

dence period, covering over half of the region (accounting for 

61.4% of total grid cells collectively), with March exhibiting 

an absolute peak at 51.7%. Spatially, spring-dominated events 

are continuously distributed across the northern, central, and 

eastern parts of the PRD. This widespread coverage is closely 

linked to the frequent convergence of cold and warm air 

masses during the pre-flood season, where unstable atmos-

pheric circulation and high precipitation variability render 

rapid drought-to-flood transitions highly probable. Summer 

represents a secondary high-incidence season, primarily 

driven by June (12.0%) and July (9.4%), with affected grid 

cells scattered across Zhaoqing, Huizhou, Dongguan, and 

Zhuhai. These summer occurrences are mainly attributed to 

frontal precipitation during the early pre-flood season, fol-

lowed by tropical cyclones, local strong convection, and mon-

soon variations during the post-flood period [24]. Notably, 

winter exhibits a secondary peak in December (8.4%), primar-

ily concentrated along the western and northwestern margins, 

which can be explained by circulation anomalies during the 

early stage of the winter monsoon and brief cold-warm air en-

counters. In contrast, autumn features the lowest frequency 

(totaling less than 6%), appearing only sporadically due to the 

stable control of the subtropical high with only occasional in-

terference from remnant typhoon circulations and weak cold 

surges. 

 
Figure 5. Temporal distribution of DFAA events in the PRD from 1979-2025. 
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3.2.2. Spatial Distribution of the Statistical 

Characteristics of DFAA Events 

Figure 6 shows the spatial distribution of the frequency and 

the probability of DFAA events in the PRD from 1979 to 2025. 

The two are highly coupled in space, being generally low in 

the northwest, around the Pearl River Estuary and on the is-

lands, and relatively high elsewhere. 

The frequency of DFAA shows a clear spatial differentia-

tion (Figure 6a). High-value areas (9-12 events) are concen-

trated in central and western Jiangmen and its southern islands, 

the southern coast of Zhuhai, central and northern Huizhou, 

and parts of Zhaoqing, Foshan, and Guangzhou; they coincide 

almost entirely with the high-probability areas and constitute 

the most DFAA-prone parts of the study area. Sub-high-value 

areas (7-9 events) cover most of Guangzhou, Foshan, Huizhou, 

Zhaoqing, and Jiangmen, together with the central plains of 

Zhongshan and northern Zhuhai, where the frequencies are 

moderately high. Median areas (5-7 events) occur mainly in 

transitional zones such as Dongguan, Zhongshan, and north-

ern Zhaoqing, showing a gradient that decreases gradually 

from the coast inland. Low-value areas (0-4 events) are con-

centrated in the mountains of western Zhaoqing and on the is-

lands outside the Pearl River Estuary, where the frequency is 

generally below 2, making them the low-frequency DFAA 

zones of the study area. 

The spatial distribution of the occurrence probability of 

DFAA events (Figure 6b) resembles that of their frequency. 

High-probability areas (20%-25%) are concentrated in west-

ern Jiangmen, the southern coast of Zhuhai, and southern Hui-

zhou, which are the areas at greatest risk of DFAA; influenced 

jointly by the South China Sea monsoon, typhoon activity, and 

the pre-flood season in South China, these areas have ex-

tremely high spatiotemporal precipitation variability and fre-

quent rapid transitions between drought and flood. Sub-high-

probability areas (15%-20%) are widely distributed in Guang-

zhou, Zhaoqing, Jiangmen, and Huizhou, where the DFAA 

probability is moderately high. Medium-probability areas 

(10%-15%) occur mainly in land-sea transitional zones such 

as Zhaoqing, Foshan, northern Jiangmen, southern Guang-

zhou, parts of Dongguan, western Zhongshan, Shenzhen, and 

Huizhou; shielded by the mountains to the north and dissected 

by the dense river network in the center, precipitation varia-

bility is somewhat reduced there, forming a clear transitional 

zone. Low-probability areas (0%-10%) are concentrated in the 

mountains of western Zhaoqing, northern Shenzhen, and the 

Pearl River Estuary and its offshore islands. In northwestern 

Zhaoqing, blocked by the Nanling Mountains, moisture 

transport weakens and precipitation processes are stable, giv-

ing the lowest DFAA probability; the island areas are con-

strained by local circulation and have low precipitation varia-

bility, and likewise belong to the low-probability zone. 

 
Figure 6. Spatial distribution of the frequency (a) and the probability (b) of DFAA events in the PRD from 1979-2025. 

Figure 7a shows the spatial distribution of DFAA event in-

tensity during the study period, which is high in the southwest 

and southeast and low in the northwest. Low-intensity areas 

occur only sporadically in northwestern Zhaoqing, the least 

intense part of the study area. Relatively low-intensity areas 

are concentrated over most of Zhaoqing, eastern Zhongshan, 

western Shenzhen, and parts of the border area between south-

ern Guangzhou and Dongguan. Moderate-intensity areas form 

the most extensive class in the study area, covering large parts 

of Foshan, Guangzhou, Zhuhai, and parts of Dongguan, Jiang-

men, Zhongshan, and Shenzhen. Relatively high-intensity ar-

eas are scattered across Zhaoqing, Foshan, Jiangmen, and 

Huizhou. High-intensity areas are concentrated in patches 

along the southwestern coast and in the central-west of Jiang-

men, in central Zhongshan, and in parts of eastern Huizhou; 

these form the core zone of the most intense drought-flood 

transitions in the study area. 
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Figure 7. Spatial distribution of the maximum intensity (a) and the longest duration (b) of DFAA events in the PRD from 1979-2025. 

Figure 7b shows the spatial distribution of the longest dura-

tion of DFAA events during the study period. Overall, the spa-

tial pattern of the longest DFAA duration shows a decreasing 

trend from south to north, with some local abnormal highs and 

a very clear correspondence between high-value and low-

value centres. Southwestern Jiangmen, Zhuhai, and central 

Zhongshan are the main centres of long-duration DFAA 

events. In most grid cells of this area the duration is between 

60 and 85 days, reaching a maximum of 85 days in western 

Zhaoqing and on the islands of southern Jiangmen, which re-

flects longer and more persistent DFAA events there, in which 

the rapid switching between drought and flood states appears 

more continuous and stable in time. In contrast, Huizhou in 

the northeast, the northern margin and the south of Guangzhou, 

and central Zhaoqing are low-value areas for DFAA duration. 

In most grid cells of the study area, the longest DFAA du-

ration falls within the range of 20-45 days, and in some areas, 

it is even shorter than 20 days. This indicates that DFAA 

events in these places last for a relatively short time and take 

the form of a drought-flood transition completed rapidly over 

a short period, the whole event being briefer and more con-

centrated. In addition, Foshan and the central and southern 

parts of Guangzhou show a transitional spatial pattern, with 

DFAA durations of roughly 45-60 days and gentle spatial gra-

dients. This reflects an overall continuous gradient in the du-

ration of DFAA events across the PRD, decreasing progres-

sively from high values in the southwest to low values in the 

northeast. 

The frequency, probability, intensity, and duration of 

DFAA events in the PRD show a highly consistent spatial pat-

tern, characterized by high values in the southwest and low 

values in the northeast. The high-value areas are concentrated 

mainly in coastal zones such as southwestern Jiangmen and 

western Zhuhai, whereas the low-value areas lie in the moun-

tains of northern Zhaoqing and on the islands beyond the Pearl 

River Estuary. This close spatial coupling indicates that the 

activity of the South China Sea monsoon, the frequency and 

tracks of typhoons, and the evolution of precipitation during 

the pre-flood season in South China together constitute the 

dominant factors controlling the level of DFAA risk in the re-

gion. At the same time, the topographic barrier formed by the 

mountains to the north, together with the moderating effect of 

local circulation systems, substantially reduces the DFAA risk 

faced by the inland hinterland and the island areas. Disaster 

prevention and mitigation strategies based on DFAA event 

identification should therefore focus on the southwestern 

coastal urban agglomeration. 

4. Discussion 

4.1. Spatiotemporal Characteristics of DFAA 

Events 

The annual mean SWAP declined only weakly over 1979-

2025, and the Mann-Kendall test could not separate that de-

cline from inter-annual variability. The seasonal decomposi-

tion shows that the trend is essentially a spring phenomenon: 

spring SWAP decreased significantly and set the sign of the 

annual series, whereas summer and autumn were marginally 

wetter and winter was trendless. Significant spring drying 

covered most of the delta, reaching the largest in the northwest, 

and no grid cell was significant in the other three seasons. 

This seasonality departs from the national pattern. Across 

China, DFAA is predominantly a summer phenomenon, with 

roughly 85% of events occurring then [14] and a June-Sep-

tember peak in frequency and intensity [7]. In the PRD, 

spring accounts for the peak event in 61.4% of grid cells 

(51.7% in March alone), summer is secondary, December 

forms a secondary peak (8.4%) and autumn is the least active 

(below 6%). Basin-scale studies support our findings, which 

reported the most severe DFAA in the PRD in April and May 

[7] and drought-to-flood events peaking in spring and winter 

in the PRB [19]. These patterns are controlled by the regional 

rainfall regime: the pre-flood season, frontal in origin and 

the first wet phase after the winter dry season, varies strongly 
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on interannual to interdecadal scales in association with Pa-

cific sea surface temperatures [25]. Because SWAP is pre-

cipitation-based, this decline originates in rainfall rather than 

in evaporative demand. 

The four event attributes were spatially coupled, indicating 

that common controls act across the whole event life cycle ra-

ther than on individual attributes. Frequency, probability, in-

tensity, and duration were highest along the urbanized coast, 

southwestern Jiangmen, western Zhuhai, central Zhongshan, 

and Huizhou, and lowest in the mountains of northern 

Zhaoqing and on the offshore islands, with durations declining 

from 60-85 days in the southwest to 20-45 days or less else-

where. This matches the basin-scale pattern, in which PRB 

events were mainly located in the west, east, and south [20]. 

Urbanization may reinforce the coastal maximum, as its con-

tribution to extreme precipitation over the Greater Bay Area 

is distinguishable from large-scale climate change [26], and it 

modifies hourly intense precipitation over the PRD before and 

after monsoon onset [27]. Impervious surfaces shorten the 

rainfall-to-runoff lag, while urban heat depletes soil moisture 

faster during dry spells, sharpening both ends of the alterna-

tion. 

4.2. Implications for DFAA Monitoring and 

Water Resources Management 

The results reported above imply that DFAA in the PRD is 

a spring hazard with a coastal signature, whereas regional pre-

paredness is organized around the summer flood season. Be-

cause roughly three-fifths of grid cells peak in spring, a mon-

itoring calendar indexed to the typhoon season would miss 

most events. 

For urban drainage and water-supply resilience, the opera-

tive finding is that the high-value belt coincides with the most 

urbanized corridor of the delta. Drainage design storms are 

conventionally specified from extreme rainfall statistics and 

an assumed imperviousness, and summer rainfall dominates 

those statistics. Our results suggest that the design load should 

instead be defined by the DFAA sequence, namely a pro-

longed spring dry spell followed by heavy rainfall, because 

the first substantial storm after a dry spell is not hydrologically 

equivalent to the same storm on a wet catchment. Where 

spring drying is intensifying, the drought leg of that sequence 

is lengthening, so sizing blue-green infrastructure on summer 

rainfall alone risks under-designing the spring transition. Sup-

ply-side planning faces the mirror-image problem: spring fol-

lows the winter dry season, when storage is near its seasonal 

minimum, so the deficit-to-excess switch occurs with the least 

buffering of the year. 

For agriculture, the same window matters because DFAA 

damage is compounded rather than additive [8] and vegetation 

responses depend on the sequence of drought and flood [9]. 

Scheduling rules fixed to a seasonal quota cannot accommo-

date a reversal within one season. Short-cycle, reversible allo-

cation that alternates between supplemental irrigation and 

drainage within weeks and withholds reservoir releases when 

a transition is forecast would be more appropriate than a static 

seasonal plan. If DFAA frequency, intensity, and coverage 

continue to increase in China as projected [5], these design 

margins will tighten. 

4.3. Uncertainties and Limitations 

Several constraints bound these results. This study pooled 

drought-to-flood and flood-to-drought events, although their 

drivers differ; in the PRB, drought-to-flood events are gov-

erned mainly by precipitation, whereas flood-to-drought 

events also respond to evapotranspiration [19]. Pooling may 

conceal opposing seasonal trends, and separate identification 

of the two types is the most obvious next step. 

In identifying DFAA, SWAP, a precipitation-only index, is 

computed from precipitation alone, so these results describe 

meteorological rather than agricultural or hydrological alter-

nation. Where the water balance rather than rainfall is limiting, 

a precipitation-only index can misrepresent both the timing 

and the severity of events. Multi-variable indices such as the 

MSDFI [19] and soil-moisture-based frameworks [15] exist 

for this reason; the diversity of definitions and thresholds still 

limits comparison between regions [4, 10]. Besides, the 

memory parameter (a=0.9) and antecedent window (N=14 

days) were adopted from the PRB index-optimization study 

[13] rather than re-estimated for the delta, and the duration and 

interval thresholds are conventional rather than calibrated. 

Other defensible choices would change the event counts, so 

the values reported here are conditional on this configuration. 

The precipitation input was also used without validation 

against local gauges; reanalysis products can be systemati-

cally biased in coastal and mountainous terrain [21]. 

Finally, this study focuses on the spatial and temporal pat-

terns of DFAA, and future work will extend the analysis to its 

underlying drivers. In particular, it would be valuable to ex-

amine whether DFAA is linked to the Pacific sea surface tem-

perature anomalies that modulate pre-flood rainfall over South 

China [25], to the timing of South China Sea monsoon onset, 

or to regional urbanization [26, 27]. El Niño-Southern Oscil-

lation has been linked to DFAA in the middle and lower Yang-

tze [6], and causal-inference frameworks suited to such driv-

ers are available [1, 2]. 

5. Conclusions 

Using the AgERA5 daily precipitation dataset for 1979-

2025, the Standardized Weighted Average Precipitation 

(SWAP) index, and run theory, we characterized the spatio-

temporal evolution of DFAA in the Pearl River Delta (PRD). 

The main findings are as follows: 

1) The annual mean SWAP declined weakly but not signif-

icantly (β=−0.0040 SWAP a-1, P=0.061), and the decline 

was essentially a spring signal, which decreased signifi-

cantly (β=−0.0153 SWAP a-1, P=0.001) and determined 
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the sign of the annual series, whereas no other season 

showed a significant trend. Significant spring drying 

covered most of the delta, steepest in the northwest. 

2) DFAA events affected 7.55% of grid cells in an average 

year. Spring dominated the event season (61.4% of grid 

cells, 51.7% in March alone), followed by summer and 

a secondary December peak (8.4%), with autumn being 

the least active (below 6%), a spring-centred regime that 

differs from the summer-dominated national pattern. 

3) Frequency, probability, intensity and duration were spa-

tially coupled and all peaked along the urbanized coast 

(southwestern Jiangmen, western Zhuhai, central 

Zhongshan and Huizhou) and were lowest in northern 

Zhaoqing and on the offshore islands; duration declined 

from south to north, with the longest episodes (60-85 

days) in the southwest. 

DFAA in the PRD is therefore a spring, pre-flood-season 

hazard with a coastal signature rather than a summer typhoon-

season hazard; monitoring and water-management schedules 

indexed to the flood season would miss most events. 
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