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ARTICLE INFO ABSTRACT
Keywords: Study region: The study region is the Poyang Lake Basin (PLB). As a typical humid subtropical
Persistent extreme precipitation basin in China, the PLB is crisscrossed by rivers and lakes, where frequent hydrological and

Widespread extreme precipitation
Compound events

WRF

Poyang Lake Basin

meteorological processes occur.

Study focus: This study identified temporal extreme precipitation, spatial extreme precipitation,
and compound temporal-spatial extreme precipitation events to investigate precipitation ex-
tremes. The differences in occurrence of compound widespread-persistent extreme precipitation
(WPEP), persistent extreme precipitation (PEP) and widespread extreme precipitation (WEP)
events were investigated using the Weather Research and Forecast (WRF) model.

New hydrological insights for the region: Extreme precipitation events characterized by high in-
tensity and long duration were more likely to occur in the northern part of the PLB. The frequency
of extreme precipitation showed an increasing trend in the central and northeastern regions of the
PLB. The contribution of PEP increased from an average of 30.7 % during the period 1983-1992
to 37.2 % during 2013-2022. The WPEP event exhibited a prolonged duration, greater precipi-
tation intensity, and higher precipitable water (PW) and water vapor mixing ratio at 2 m (Q2).
Significant changes in PW and Q2 were observed prior to the occurrence of the PEP event.
However, PW and Q2 values remained stable during WEP and WPEP events. The PLB was
influenced by two water vapor sources, from the north and southwest during the WEP and WPEP
events.

1. Introduction

Under the global warming, changes in atmospheric conditions and acceleration of the water cycle tend to trigger more extreme
weather events, such as heavy rains, droughts, and heatwaves (Donat et al., 2016; Myhre et al., 2019; Shibuya et al., 2021; Kang et al.,
2022; Tan et al., 2023). Precipitation is a primary driver of the terrestrial water cycle. The contribution of global precipitation to land
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water storage exceeds 64 % (Zhong et al., 2025). Recent research has demonstrated a significant upward trend in the frequency and
intensity of extreme precipitation events across global regions (Janssen et al., 2016; Papalexiou and Montanari, 2019; Thackeray et al.,
2022; Tuel et al., 2022). China also experiences a significant increase in extreme precipitation, especially heavy rainfall triggered by
tropical cyclones along the southeast coast, as well as convective rainstorms in southern China and the Yangtze River basin (Sun and
Ao, 2013; Zhu et al., 2021; Yang et al., 2022; Wu et al., 2023). Extreme precipitation has become a critical environmental hazard, not
only causing urban flooding but also triggering severe natural disasters such as flash floods, landslides, and mudslides. The occurrence
of extreme precipitation events poses a major threat to agricultural production, socio-economis and ecosystems (Lesk et al., 2016;
Griindemann et al., 2023; Ombadi et al., 2023). In recent years, widespread flooding caused by extreme precipitation has been
observed globally. For example, floods associated with extreme rainfall cause annual losses of approximately $3 billion in India (Roxy
et al., 2017; Pal et al., 2021). Similarly, the rainstorm that struck western Europe in 2021 triggered a large-scale flood, resulting in a
loss of 46 billion euros and a large number of casualties (Tuel et al., 2022). In the summer of 2016, south China experienced deadly
floods, which affected around 32 million people across 26 provinces (Tang et al., 2017). These phenomena indicate that extreme
precipitation significantly increase the risk of flooding (Roxy et al., 2017; Zhang et al., 2017; Rastogi et al., 2020).

An understanding of variations of extreme precipitation is of great significance for reducing the risk of hydrological disasters under
global warming(Yin et al., 2018; Xie et al., 2023). Accurate precipitation information is essential for exploring the characteristics and
mechanisms of extreme precipitation. Global Glimate Models (GCMs) have become critical tools for analyzing climate change and
extreme precipitation events through large-scale climate simulations (Smalley et al., 2019). However, it is often difficult for GCMs to
accurately represent localized rainfall patterns due to the relatively coarse resolution, which makes it challenging to simulate the
complex dynamics of small-scale extreme events such as convective heavy rainfall (Jiang et al., 2021). This limitation is addressed by
high-resolution regional climate models that perform well in capturing the interaction processes between weather systems and the land
surface (Glisan et al., 2013; Yang et al., 2021). Among them, the Weather Research and Forecast model (WRF), as a new generation of
mesoscale high-resolution prediction models, is capable of describing land-atmosphere continuum processes in a specific region with
complicated topography (Ojeda et al., 2017; Tian et al., 2020; Deng et al., 2023). The ability of WRF to simulate atmospheric anomalies
in a variety of complex scenarios provides new ways to capture extreme precipitation processes and understand the drivers and
physical mechanisms of extreme precipitation events.

The contribution of extreme precipitation is influenced by multiple factors. Extreme precipitation events are generally attributed to
the large-scale circulation drivers such as the sea surface temperature, intraseasonal oscillations (Pei et al., 2018; Ning et al., 2021).
Moreover, the formation and development of precipitation may be complicated by various regional surface attributes, including
mesoscale topography and large urban agglomerations (Zhu et al., 2021). As rainstorms characterized by widespread, prolonged and
damaging occur frequently, precipitation extremes are becoming more prominent. When precipitation covers a sufficiently large area,
it can trigger larger scale floods and urban waterlogging (Cassano et al., 2016; Moore et al., 2019). The impact of extreme precipitation
with a long duration on the region is greater than that of an ordinary rainstorm (Wan et al., 2017; Du et al., 2019; Cheng et al., 2023).
Especially the co-occurrence of persistent extreme precipitation and widespread extreme precipitation brings more severe
socio-economic losses and environmental impacts than individual events (Griindemann et al., 2023).

Previous studies tend to ignore regional characteristics of duration and coverage in extreme precipitation processes (Cassano et al.,
2016; Papalexiou and Montanari, 2019; Cheng et al., 2023). In particular, few studies pay attention to the compound events of
persistent extreme precipitation and widespread extreme precipitation. The Poyang Lake Basin (PLB) is as a representative area for
extreme precipitation study (Dong et al., 2011; Li and Hu, 2019). This study aimed to investigate the differences in the occurrence of
persistent extreme precipitation (PEP), widespread extreme precipitation (WEP), and widespread-persistent compound extreme
precipitation (WPEP) using WRF simulations. Additionally, the surface processes and meteorological conditions associated with PEP,
WEP, and WPEP events in the PLB were analyzed. The findings are expected to contribute to more effective flood prevention and
disaster risk mitigation in the context of climate change.

2. Data and Method
2.1. Definition of extreme precipitation

Extreme precipitation events are described as occurrences where precipitation exceeds a predetermined threshold. The 95th
percentile of daily precipitation from 1983 to 2022 is chosen as the threshold for extreme precipitation at each individual grid point.
Thus, any daily precipitation exceeding this threshold is classified as an extreme precipitation event, excluding days without pre-
cipitation (less than 0.1 mm). The simple index of extreme precipitation frequency (SEPF) and the simple index of extreme daily
precipitation intensity (SDPI) are used as indicators to quantify the frequency and intensity of extreme precipitation events, respec-
tively (Pei et al., 2018). The calculation of two indices is outlined as follows:

365
SEPF = » Ty eh)

j=1

where Tyq is a conditional function. When P, (daily precipitation on day d) exceeds the extreme precipitation threshold during the year
y, then Tyq is equal to 1. Otherwise, Tyq is equal to 0, which means that no extreme precipitation events occurs during this period.
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where P,y (Py4> extreme precipitation threshold) is the daily precipitation on day d of year y, and Ny is the number of extreme
precipitation events occurring in year y.

Based on the duration of extreme precipitation, precipitation events are categorized into non-persistent and persistent extreme
precipitation (Wan et al., 2017). A persistent extreme precipitation (PEP) event is characterized by daily precipitation exceeding the
extreme precipitation threshold for at least two consecutive days, and the first day of extreme precipitation is considered as the
beginning of a persistent extreme precipitation event (He and Zhai, 2018). Furthermore, it defines a widespread extreme precipitation
(WEP) event as simultaneous occurrence of extreme precipitation over at least N grid points in study region (Cassano et al., 2016;
Shibuya et al., 2021). In this context, widespread extreme precipitation events are classified into two types based on grid point counts
exceeding 50 % and 70 %, respectively. The simultaneous occurrence of widespread extreme precipitation and persistent extreme
precipitation events is regarded as a compound widespread-persistent extreme precipitation (WPEP) event. Specifically, such com-
pound events are identified when daily extreme precipitation covers at least 50 % of the grid points within the study area and persists
at least two consecutive days.

2.2. Study area

The Poyang Lake Basin (PLB), which located in the middle and lower reaches of the Yangtze River Basin, exhibits a distinctive
pattern of alternating dry and wet conditions (Lei et al., 2021; Deng et al., 2024). The Poyang Lake within the basin is the largest
freshwater lake in China and also an important flood storage lake in the Yangtze River Basin. The PLB has five sub-basins, including
Xiushui (sub-basin size: 3548 km?), Ganjiang (80948 km?), Fuhe (15811 km?), Xinjiang (15535 km?), and Raohe (6374 km?) (Fig. 1).
The spatial distribution of precipitation within this basin displays significant unevenness, characterized by distinct seasonal patterns.
Precipitation is concentrated during the months of April to June, which consequently results in recurrent summer flooding (Zhang
et al., 2015).

2.3. Datasets

Daily precipitation data utilized in this study are sourced from a new daily gridded precipitation dataset based on gauge obser-
vations for the Chinese mainland. This dataset is provided by the National Tibetan Plateau/ Third Pole Environment Data Center (Gou
etal., 2021; Miao et al., 2022; Han et al., 2023). The spatial resolution of dataset is 0.1° x 0.1°. The Final Operational Global Analysis
(FNL) reanalysis data from the National Centers for Environmental Prediction are used for initial and boundary fields of the WRF
simulation, with a horizontal resolution of 1° x 1°, a temporal resolution of 6 h, and 26 vertical pressure levels. The topographic data
used for the WRF simulations are obtained from the USGS provided by the United States Geological Survey.
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Fig. 1. The three WRF domains and stream networks in the Poyang Lake Basin.
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2.4. WRF model setup

WREF version 4.3 is selected to simulate extreme precipitation events. The WRF simulation is configured with three nested domains,
featuring horizontal resolutions of 27 km (d01), 9 km (d02), and 3 km (d03) (Fig. 1). The horizontal coordinates of the model are
projected using the Lambert conformal conic projection. The time steps in the WRF simulation are set at 90 seconds. Simulation output
is generated every six hours. The domain sizes are configured as 115 x 79, 202 x 160, and 280 x 286, respectively. The simulated
extreme precipitation events include the PEP event (June 2-11, 2019), the WPEP event (July 3-12, 2020), and the WEP event (June
24-July 3, 2021). The initial 36 hours of each simulation are designated as the model start-up time and their results are excluded from
analysis. The selection of the physical parameterization scheme for the WRF is based on previous sensitivity studies in the PLB (Deng
et al., 2023; Wu et al., 2023). The chosen combination of physical parameterization schemes in the model includes the New Tiedtke
(NT) scheme, Thompson scheme, Noah scheme, Rapid Radiative Transfer Model (RRTM) long wave radiation scheme, Dudhia short
wave radiation scheme and Yonsei University (YSU) planetary boundary layer scheme. In addition, it should be noted that the cumulus
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Fig. 2. Spatial distribution of (a) annual average extreme precipitation (mm/year), (b) the extreme precipitation intensity (mm/day) and (c)
extreme precipitation frequency (days/decade), as well as (d) the contribution of extreme precipitation to total precipitation (%) in the period
of 1983-2020.



C. Deng et al. Journal of Hydrology: Regional Studies 58 (2025) 102270

scheme (NT scheme) is not applied to the dO3 domain (3 km). The Final Operational Global Analysis (FNL) reanalysis dataset are
employed as the initial and boundary fields of WRF.

2.5. Evaluation criteria

In order to effectively assess the performance of WRF simulations, precipitation observations are utilized as reference data. The
evaluation metric of correlation coefficient (CC) is employed for evaluating the simulation accuracy in extreme precipitation processes
(Tianetal., 2020; Zhu et al., 2023). The CC reflects the linear relationship between observed and simulated values. Higher values of CC
indicate smaller errors.

3. Results
3.1. Variations of extreme precipitation intensity and frequency

Fig. 2 shows distribution characteristics of extreme precipitation in the PLB. Specifically, the high-value areas of annual average
extreme precipitation were mainly located in the northeastern and northwestern parts of the basin, including the Fuhe, Raohe, Xin-
jiang, and Xiushui sub-basins, while the low-value areas were mainly located in the Ganjiang sub-basin (Fig. 2a). The Xinjiang and
Raohe sub-basins, located in the northeastern part of the PLB, displayed the highest intensity, while the Ganjiang sub-basin exhibited
the lowest intensity (Fig. 2b). The frequency of extreme precipitation in the north-central part of the PLB was lower, while it was higher
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Fig. 3. (a-b) Temporal trends of the SEPF and SDPI in the period of 1983-2020. (c-d) Spatial distribution of linear trends of SEPF and SDPI.
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in the southern region (Fig. 2c). Among them, extreme precipitation occurred most frequently in the Ganjiang sub-basin. This indicated
that the spatial distribution of frequency and intensity showed an opposite trend.

The contribution of extreme precipitation to the total rainfall ranged from 20 % to 40 %, with the contribution rate concentrating
around 30 %. Spatially, the contribution was highest in the northern part of the PLB, and lowest in most areas of the southern region,
particularly in the Ganjiang sub-basin (Fig. 2d). In conclusion, the northern part of the PLB was characterized by low frequency and
high intensity of extreme precipitation, as well as a high contribution to total precipitation, which resulted in the northern part being
prone to more severe extreme precipitation.

The SEPF and SDPI were utilized to investigate the trend of extreme precipitation frequency and intensity in the PLB. Fig. 3a-b
illustrate a general increasing trend in the frequency and intensity of extreme precipitation events from 1983 to 2022. These extreme
precipitation events exhibited significant fluctuations in both SEPF and SDPI. For instance, in 1998, the frequency of extreme pre-
cipitation reached its peak at 17 days, whereas in 2007, it was as low as 7 days. The SDPI fluctuated within the range of 43-51 mm/
day, with the highest value occurring in 2003 at 51 mm/day. Fig. 3c-d depict the spatial variation trends of the SEPF and SDPI indices.
The SEPF index showed an increasing trend in central and northeastern parts of the PLB, primarily concentrated in the northern part of
the Ganjiang sub-basin, the southern part of the Fuhe sub-basin, and the Xinjiang sub-basin. Conversely, decreasing trends were
observed in the northern and southern parts of the PLB, particularly prominent in the southern part of the Ganjiang sub-basin. The SDPI
index indicated little variation in extreme precipitation intensity across most areas of the PLB. However, a significant increasing trend
was observed in Fuhe sub-basin for extreme precipitation intensity, while a significant weakening trend was evident in the Xiushui sub-
basin.

3.2. Spatiotemporal features of persistent and non-persistent extreme precipitation

Fig. 4a presents the contributions of persistent and non-persistent extreme precipitation to extreme precipitation in the PLB. The
PLB was generally dominated by non-persistent extreme precipitation during the period of 1983-2022. However, the contribution of
persistent extreme precipitation showed a continuous increase. For instance, in 1998, the contribution of persistent extreme precip-
itation exceeded that of non-persistent extreme precipitation. The contributions of persistent and non-persistent extreme precipitation
were similar in 2000, 2005, and 2020. The contribution rate of persistent extreme precipitation ranged from 20 % to 60 %. From 1983
to 1992, the average contribution rate was merely 30.7 %, increasing to 37.2 % from 2013 to 2022. This indicated an increasing impact
of persistent extreme precipitation on the variability of extreme precipitation in the PLB. Changes in persistent and non-persistent
extreme precipitation anomalies are depicted in Fig. 4b. The anomaly magnitude of persistent extreme precipitation was greater
than that of non-persistent extreme precipitation. Both persistent and non-persistent extreme precipitation exhibited pronounced
positive anomalies during the periods of 1990-2000 and 2010-2020. Throughout these periods, both types of extreme precipitation
significantly increased, particularly in 1998 when the abnormality of PEP reached its maximum, increasing by nearly 300 mm.
Additionally, non-persistent extreme precipitation exhibited its largest positive anomaly in 2010.

Fig. 5a illustrates the spatial distribution of linear trends in persistent extreme precipitation. It was found that the persistent
extreme precipitation has an increasing trend in most areas of the PLB, with the most obvious increase in Fuhe sub-basin, and a
decreasing trend in the northern and the southern parts of the PLB. The spatial distribution of linear trends in non-persistent extreme
precipitation is presented in Fig. 5b. A significant weakening trend appeared in non-persistent extreme precipitation around Poyang
Lake, along with a decrease in the southern part of the Ganjiang sub-basin. Both persistent and non-persistent extreme precipitation
exhibited decreasing trends in Xiushui sub-basin, while they showed increasing trends in Fuhe sub-basin. Spatially, the contribution
rate of persistent extreme precipitation to extreme precipitation demonstrated an increasing gradient from south to north (Fig. 5c). The
highest contribution values observed in the northeast of the PLB, such as the Xinjiang and Raohe sub-basins, and the lowest
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Fig. 4. (a) Contribution of persistent extreme precipitation (PEP) and non-persistent extreme precipitation (NPEP) to extreme precipitation, and (b)
anomalies of PEP and NPEP in the period of 1983-2020.
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Fig. 5. Spatial distribution of trends of (a) non-persistent extreme precipitation (NPEP) and (b) persistent extreme precipitation (PEP). (c)
Contribution of persistent precipitation extreme (PEP) to precipitation extreme.

contribution values observed in the southern parts of the PLB, such as the Ganjiang sub-basin. These findings showed a higher
probability of persistent extreme precipitation occurrences in the northeastern sectors of the PLB. Furthermore, apart from the
Ganjiang sub-basin, the contribution rates of persistent extreme precipitation in the sub-basins all exceed 30 %.

3.3. Variations of widespread extreme precipitation events

Fig. 6a shows the time series of the frequency for two types of widespread extreme precipitation events. Specifically, widespread
extreme precipitation events that covered more than 50 percent of the grid points occurred, on average, approximately 4 days per year
during the period 1983-2022, with a peak of 10 days in 2010, followed closely by 9 days in 1998. Widespread extreme precipitation
events that covered more than 70 percent of the grid points had a total of 30 days within the same time period, with a maximum of 3
days observed in both 1998 and 2004. However, there was an absence of widespread extreme precipitation events during the
consecutive years of 1986 and 1987. It is worth noting that both persistent and non-persistent extreme precipitation showed negative
anomalies (Fig. 6b), with SDPI reaching its minimum value (Fig. 3b). These findings suggest a potential occurrence of severe droughts
in the PLB during this period. Fig. 6b illustrates the monthly frequency of widespread extreme precipitation. Both types of widespread
extreme precipitation were observed to be most frequent during the summer months and least frequent during winter, with a con-
centration in June. Widespread extreme precipitation events that covered more than 70 percent of the grid points tended to
concentrate between March and June, peaking in June with up to 8 days, with no occurrences in October and November. And fewer
events occurred in spring and autumn. Widespread extreme precipitation events that covered more than 50 percent of the grid points
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Fig. 6. (a) Annual and (b) monthly variations in the frequency of widespread extreme precipitation (WEP) event. Events with grid points exceeding
50 % and those with grid points exceeding 70 % are considered as two different types of WEP event.
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were concentrated between April and July, with a maximum of 46 days in June and a minimum of one day in winter. The summer

season served as the dominant period for occurrences of extreme precipitation, whereas such instances were nearly absent during the
winter season.

Observation Simulation Correlation
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Fig. 7. Spatial distribution of observed and simulated precipitation, along with correlation coefficients for the persistent extreme precipitation in
2019, the widespread extreme precipitation in 2021, and the compound widespread-persistent extreme precipitation in 2020.
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3.4. Mechanism of three different types of extreme precipitation events

Considering the possibility of simultaneous occurrence of PEP and WEP, this study identified the WPEP events during the study
period of 1983-2020. The three types of extreme precipitation events were analyzed separately to identify typical events for each type.
WRF was employed to investigate the surface processes and occurrence mechanisms of these extreme precipitation events. Simulation
results were evaluated against observational data to verify accuracy.

Fig. 7 shows the spatial distribution of simulated and observed precipitation values and their correlation coefficients for the PEP in
2019, the WEP in 2021, and the WPEP in 2020. The spatial distributions of observed and simulated values were similar for three
extreme precipitation events. During the PEP in 2019, the storm centre with high values appeared in the central part of the PLB, mainly
in Ganjiang sub-basin, while the low values were primarily in the northern part of the basin. Compared to the observed values, the
simulated values showed an overestimation in the western part of the Ganjiang sub-basin. For the WPEP in 2020, the storm center with
high values occurred in the north-central part of the basin. The simulated values were underestimated in Xinjiang, Raohe, and Fuhe
sub-basins located in the northeastern part of the PLB. For the WEP in 2021, the high-value areas were found in the central and
northeastern parts of the PLB, with the simulated values overestimated in the central part of this basin. The central and northern parts
of the Ganjiang sub-basin were more likely to become precipitation centers during extreme precipitation.

The correlation distributions between the simulated and observed values for different extreme precipitation (PEP, WEP, and WPEP)
events exhibited similar features. The spatial patterns showed that the correlation coefficients in most areas of the PLB exceeded 0.6,
especially in the central region of the basin where the correlation coefficient reached 0.8. This indicated that the simulated values were
highly correlated with the observed values. However, the simulation results for the WPEP exhibited some underestimation compared
to the observed values, resulting in a low correlation coefficient in the northeast of the PLB. In comparison to the WPEP, the PEP and
WEP showed better performance in simulations. Overall, the simulation of extreme precipitation in most areas of the PLB showed
better performance. WRF effectively captured the precipitation processes for the different extreme precipitation events. The perfor-
mance of WRF in simulating extreme precipitation events over the PLB was acceptable. Therefore, the WRF simulated results can serve
as a basis for exploring the different types of extreme precipitation processes.

To explore the formation mechanisms of PEP, WEP and WPEP events, this study investigated the synoptic characteristics and near-
surface features during extreme precipitation events. Fig. 8 shows the temporal variations of precipitable water (PW), near-surface air
temperature (T2), latent heat fluxes (LH), and water vapor mixing ratio at 2 m (Q2) associated with different extreme precipitation
(PEP, WEP and WPEP) events. The trends in PW and Q2 were similar. Compared to the WPEP and WEP, the values of PW and Q2 in the
PEP were the lowest. Before the occurrence of the PEP, both PW and Q2 exhibited a significant increase. When the PEP occurred, PW
and Q2 reached their maximum values. After the end of extreme precipitation, both PW and Q2 rapidly decreased. However, the
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changes in PW and Q2 before and after the WEP and WPEP were relatively small. The values of the corresponding variables in the
WPEP stayed at a high value for a longer period of time. Among them, Q2 ranged from 0.0185 to 0.02 kg/kg, while the PW was ranged
from 61 to 66 mm. Conversely, T2 and LH exhibited a trend opposite to precipitation. The LH exhibited a trend of initially decreasing
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followed by an increase, reaching its lowest value when extreme precipitation occurred. Compared to the PEP and WEP, the value of
LH was the lowest in the WPEP. In general, the changes in related variables were most significant during the process of the PEP,
especially for PW and Q2.

Fig. 9 shows the spatial distribution of PW, T2, LH, and Q2 during different extreme precipitation (PEP, WEP, and WPEP) events.
For all extreme precipitation events, T2 was higher in the southern part of the Ganjiang sub-basin and around Poyang Lake. The low-
value region of LH was found in a similar area as the high-value region of precipitation. The high-value area of PW mainly appeared in
the central part of the PLB (e.g. northern part of the Ganjiang sub-basin). The spatial distributions of PW during the WEP and WPEP
were similar. Compared to the WEP and WPEP events, PW in the PLB was lowest during the PEP event, particularly in the northern part
of the basin, where it was below 55 mm. During the WEP, PW exceeded 60 mm in most areas of the PLB. In the WPEP, the value of Q2
in most areas of the PLB was above 0.0185 kg/kg. In particular, the value of Q2 in the northern part of the Ganjiang sub-basin and
around Poyang Lake exceeded 0.02 kg/kg, which was higher than the values during the PEP and WEP. In the WEP, the spatial dis-
tribution of Q2 was different from that of PW, with high-value areas being more scattered. The spatial distribution of high-value
precipitation areas in the PEP was closely aligned with the high-value regions of PW and Q2, which was mainly located in the
northern part of the Ganjiang sub-basin. The high-value regions of precipitation in WPEP largely coincided with the distribution of
high-value areas of PW and Q2. These differences in near-surface features may be a key factor contributing to different types of extreme
precipitation events.

Adequate water vapor is considered as a critical factor in triggering extreme precipitation events. Here, water vapor within the
atmospheric layer spanning from 300 hPa to 1000 hPa was opted to compute the vertical integral water vapor flux and divergence
based on the distribution characteristics of water vapor. Fig. 10 shows changes in water vapor transport during the PEP, WEP, and
WPEP events. In three different types of extreme precipitation events, water vapor was mainly originated from the southwest, with
strong moisture transport, which led to convergence over the PLB. Prior to the WEP and WPEP events, two streams of water vapor from
the north and southwest converged in the northern part of the basin, leading to higher water vapor accumulation over the northern
part of the PLB, which was conducive to the occurrence of extreme precipitation events. As precipitation occurred, the water vapor in
the north weakened, and the location of water vapor convergence gradually moved from the northwest to the northeast of the PLB.
After the extreme precipitation terminated, only southwest water vapor appeared over the basin. However, during the PEP, the water
vapor over the PLB mainly flowed from the southwest direction.

Furthermore, the precursor signals of atmospheric changes were crucial to improve understanding of triggering mechanisms for
extreme precipitation occurrence. Fig. 11 shows the evolution of sea-level pressure and wind prior to the PEP, WEP and WPEP. Before
the occurrence of the PEP, a sea-level depression on the surface was observed in the vicinity of the PLB, with a small low-pressure range
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Fig. 10. Vertically integrated water vapor flux (VIWVF, vectors, units: kg. m~'. s™!) and water vapor flux divergence (units: 107> kg. m~2 s71)

during the PEP in 2019, the WEP in 2021, and the WPEP in 2020.
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Fig. 11. Evolution of sea-level pressure and wind before the PEP in 2019, the WEP in 2021, and the WPEP in 2020. Day —0 denotes the occurrence
of extreme precipitation, Day —1 denotes 1 day before the day when extreme precipitation begins, and so forth. The red outline indicates the
boundary of the PLB.

(day —3). The sea-level depression gradually moved from the northwest to the northeast. When precipitation began, the sea-level
depression gradually moved away from the PLB. Prior to the WPEP and WEP, a low-pressure center developed to the northwest of
the PLB. Over time, this low-pressure system intensified and expanded near the basin, causing a greater influence on the PLB. The
emergence of sea-level depression was an important surface feature before the occurrence of extreme precipitation events.

Fig. 12 shows the variations of 500 hPa geopotential height before the PEP, WEP and WPEP. The 500 hPa geopotential height field
indicated a region of lower geopotential heights to the north. The variation of the low-value area of 500hPa geopotential height
affected the transport of water vapor. Prior to the occurrence of extreme precipitation, a region of low geopotential height values was
observed in the northeast of the PLB at the 500 hPa level. Influenced by this low-pressure system in the northeast, water vapor flowed
over the PLB from the southwest, indicating the significant influence of large-scale circulation on the formation and evolution of
extreme precipitation in this basin. In general, the water vapor from the southwest provided sufficient water vapor conditions over the
PLB for three extreme precipitation events. The occurrence of extreme precipitation was closely associated with the surface low-
pressure systems, as well as the variations in the low-value area of the 500 hPa geopotential height.

4. Discussion

Although the frequency of extreme precipitation events occurring in the PLB shows no significant change, the intensity of pre-
cipitation has increased, suggesting an increasing probability of intense extreme precipitation events occurring within the PLB. Further
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Fig. 12. As Fig. 11 but for 500 hPa geopotential height. The red outline is the boundary of the PLB.

investigation revealed that although the basin was generally dominated by non-persistent extreme precipitation, the proportion of
persistent extreme precipitation was continuously increasing within the PLB. This discovery is similar to the findings that the fre-
quency and intensity of regional persistent extreme precipitation in China have been increasing, with the affected areas primarily
concentrated in the Yangtze River, Huai River, and South China regions (Wan et al., 2017; He and Zhai, 2018; Du et al., 2019). In
certain years, there are considerable fluctuations in the number of widespread extreme precipitation events within the PLB. The
sub-basins of Xiushui, Raohe, and Xinjiang in the northern part of the PLB are identified as hotspots, which are highly susceptible to
extreme rainfall-related disasters in the future. The increased susceptibility to extreme precipitation in the northern part of the PLB
may be attributed to the influence of large-scale circulation patterns (Ding et al., 2020; Li et al., 2021; Wu et al., 2023). Previous studies
has found that climate indices such as ENSO, NAO, IOD, and PDO have a significant impact on extreme precipitation in the PLB(Zhang
etal., 2014; Zhang et al., 2016; Liu et al., 2017). The movement direction and duration of rain belts under the influence of subtropical
high-pressure systems are also driving factors in contributing to widespread or localized extreme precipitation. However, it is not
excluded that extreme precipitation is complicated by regional factors (Lei et al., 2021). Although under the same large-scale circu-
lation factors, there are differences in the occurrence mechanisms of different types of extreme precipitation.

In our study, significant differences in surface characteristics were observed prior to the occurrence of the three different types of
extreme precipitation. Before the occurrence of the PEP, a rapid increase in PW and Q2 is observed. However, during WPEP, both PW
and Q2 remain at their highest values, suggesting that higher atmospheric water vapor content may contribute to more severe extreme
precipitation. The high-value areas of extreme precipitation are influenced by the spatial distribution of Q2 and PW. The variations in
PW and Q2 are considered as important precursors to the occurrence of extreme precipitation (Bao et al., 2017; Kunkel et al., 2020; Su
and Smith, 2021). The precipitation in the PLB is primarily influenced by water vapor transported from the southwest in summer,

13



C. Deng et al. Journal of Hydrology: Regional Studies 58 (2025) 102270

driven by abundant moisture from the Indian Ocean. The specific variations in water vapor during extreme precipitation events are
often overlooked. In the PEP event, water vapor originates solely from the southwest. However, in the WEP and WPEP, two branches of
water vapor converge from the north and southwest, indicating that such convergence is more likely to result in large-scale precip-
itation. This highlights the critical role of synoptic conditions and water sources in triggering extreme precipitation. (Waliser and
Guan, 2017; Tan et al., 2019; Vazquez et al., 2020). Compared to ordinary extreme precipitation events, the PEP, WEP, and WPEP
events result in more serious disasters, particularly more serious flood events. Exploring the connection between different types of
extreme precipitation and their associated flood impacts would be an interesting topic for further research. Despite the case study of
typical extreme precipitation events utilized in this paper contributes to the understanding of the characteristics and triggering
mechanisms of extreme precipitation in the PLB. It is necessary for subsequent studies to explore the impacts of PEP, WEP, and WPEP in
a more comprehensive way.

Similar to the previous simulated results, WRF is able to capture the different types of extreme precipitation in this study (Yang
et al., 2021; Gao et al., 2022; Deng et al., 2023). However, WRF simulations exhibit varying performance in PEP, WEP, and WPEP
events. Among the different events, the largest error is observed in the WPEP event, primarily due to the underestimation of simulated
values in the northeastern region of the PLB. Compared to single-type extreme precipitation events, the WRF model has greater dif-
ficulty accurately capturing compound extreme precipitation events. Therefore, it is necessary to improve the parameter settings of the
WRF model in future study to enhance the simulation accuracy of compound widespread-persistent extreme precipitation.

5. Conclusions

This study investigated the changes in intensity and frequency of extreme precipitation and compared the occurrence of temporal
extreme precipitation, spatial extreme precipitation and compound temporal-spatial extreme precipitation events in the PLB of China.
The physical mechanisms of extreme precipitation were explored through WRF simulations of the PEP, WEP and WPEP events. The
findings would contribute to our understanding of regional land-atmosphere interactions in the occurrence and development of
extreme precipitation events. The main conclusions are summarized as follows.

(1) The intensity of extreme precipitation exhibited a distribution pattern of high in the northern region and low in the southern
region of the PLB. Extreme precipitation events characterized by higher intensity and severity were more likely to occur in the northern
part of the PLB. The contribution of extreme precipitation to total rainfall ranged from 20 % to 40 %, with a higher contribution of
extreme precipitation in the north than in the south. Overall, the frequency and intensity of extreme precipitation within the PLB
showed an increasing trend over time, with significant fluctuations. The SEPF showed an increasing trend in the central and north-
eastern part of the PLB, and a decrease in the southern and northwestern part of the PLB. The SDPI significantly increased in Fuhe sub-
basin and decreased in Xiushui sub-basin.

(2) The contribution of persistent extreme precipitation increased from an average of 30.7 % in the period 1983-1992-37.2 % in
the period 2013-2022. The impact of persistent extreme precipitation on total extreme precipitation was growing. The contribution of
persistent extreme precipitation tended to increase spatially from south to north, with the largest contribution in the Xinjiang and
Raohe sub-basins located in the northeastern part of the PLB. The PLB was still dominated by non-persistent extreme precipitation. In
addition, the magnitude of persistent extreme precipitation anomalies was larger than those of non-persistent extreme precipitation
anomalies.

(3) The average frequency of widespread extreme precipitation events (covering more than 50 % of grid points) was 4 days per
year, with the most frequent occurrence of 10 days in 2010. The widespread extreme precipitation events (covering more than 70 % of
grid points) appeared on a total of 30 days during the study period, with the highest number of events occurring in 1998 and 2004. The
widespread extreme precipitation events occurred most frequently in the summer and least in the winter, with a concentration in the
month of June.

(4) The high-value precipitation area during the PEP was found in the central part of the Ganjiang sub-basin, whereas during WEP
and WPEP, the area of high-value precipitation was observed in the north-central part of the PLB. The features of PW and Q2 increased
continuously prior to the PEP. However, the changes in PW and Q2 for the WEP and WPEP events were relatively small. The low-value
region of LH exhibited similar distribution characteristics with the high-value region of PW. During the PEP event, the PLB was
influenced only by water vapor from the southwest. In contrast, during WEP and WPEP events, two water vapor streams from the north
and southwest impacted the PLB, with expanded sea level low pressure coverage preceding the events. The variation in the low value of
500 hPa geopotential height was closely related to the occurrence of extreme precipitation.
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