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Abstract Two catastrophic extreme precipitation events in July 2021 and August 1975 caused tremendous
damages and deaths in Henan, one of the most populated provinces in China. Revealing the relationship
between large-scale circulation patterns and precipitation extremes is vital for understanding the physical
mechanisms and providing potential value for improving prediction and hence reducing impacts. Here, nine
large-scale circulation patterns are identified for July—August using the self-organizing map. We find daily
precipitation extremes under the fifth pattern (P5), characterized with the strongest easterly wind anomalies

in Henan, feature the highest frequency and the largest intensity. Seven out of total 11 days in the two
catastrophic extreme precipitation events belong to PS5, and the top two maximum hourly precipitation extremes
over continental China occurred under P5. The larger intensity of precipitation extremes is attributed to the
dynamical contribution, suggesting more-intense precipitation extremes under P5 are largely dominated by
stronger ascending motions.

Plain Language Summary Henan is one of the most populated provinces in China. Two
catastrophic extreme precipitation events in July 2021 and August 1975 caused devastating catastrophes, such
as flooding and urban waterlogging, which resulted in widespread impacts on agricultural production, human
livelihood, and economic development. We used a clustering method called self-organizing map to link large-
scale circulation patterns with daily precipitation extremes in Henan Province. Our results show that the fifth
pattern (P5), associated with the strongest easterly wind anomalies over Henan Province, is most conducive to
extreme rainfall. Precipitation extremes under P5 exhibit the highest occurrence frequency and the largest mean
intensity. Seven out of total 11 days for the two catastrophic extreme precipitation events belong to P5, while
the top two maximum hourly precipitation extremes over continental China occurred under P5. The larger mean
intensity of precipitation extremes under P5 is mainly caused by strong ascending motions. This work provides
important implications for understanding the physical mechanisms and also providing potential value for the
forecasting of precipitation extremes in Henan Province.

1. Introduction

With the enhancement of the East Asian Summer Monsoon, a rain belt over North China usually begins during
mid-July, lasting for about 1 month (Ding & Chan, 2005). Though the annual accumulated rainfall is relatively
lower, daily or hourly precipitation extremes associated with this rain belt in North China are comparable or
even larger than those in South China or Southwest China (Figure 1b; Ding & Zhang, 2009; Luo et al., 2016;
Wu & Luo, 2019). Indeed, the top two maximum hourly rainfall over continental China are recorded at Zheng-
zhou station (201.9 mm, 20 July 2021) and Linzhuang station (198.5 mm, 5 August 1975). Both stations are
located in Henan Province, which is located to the east of the Taihang Mountains and the Funiu Mountain
(Figure 1d). These two hourly precipitation extremes belong to two catastrophic consecutive rainfall events—the
“21-7” (from 17th to 22nd, July 2021; e.g., Zhang et al., 2021) and “75-8” (from 4th to 8th, August 1975; e.g.,
Ding, 2015) events, respectively. Due to Henan Province being one of the main grain production areas and popu-
lated provinces in China (Figure 1a), devastating catastrophes such as flooding and urban waterlogging induced
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Figure 1. (a) Spatial distribution of population counts (colored shading, unit: thousand per 0.0417° x 0.0417°) in 2020 from the Gridded Population of the World
Version 4. (b) Spatial distribution of the maximum daily precipitation (colored dots; units: mm day ~'). (c) The averaged geopotential height (contours; unit: gpm) at
500 hPa and column-integrated moisture flux (arrows; units: kg:-m~' -s~!) in July and August. (d) Spatial distribution of mean July—August total precipitation (colored
dots; units: mm) over Henan Province. The shadings in (b and d) represent the topography (units: m), and in (c) the shading indicates the amount of moisture flux.

by extreme precipitation have profound impact on agricultural production, human livelihood and economic devel-
opment (Ding, 2015). For example, the “21-7” event has led to more than 300 people deaths and $18 billion
economic damages, and the “75-8” event caused more than 26 thousand deaths and $1.5 billion economic losses
(Ding, 2015; Shi et al., 2021). Thus, it is important to better understand the physical mechanisms explaining
occurrences of precipitation extremes over Henan Province.

Many previous studies have emphasized the importance of large-scale circulation patterns on heavy precipitation
events over North China (Chen & Zhang, 2020; Zhao et al., 2019). Based on the analysis of 33 extreme precip-
itation events during 1958-1976 over North China, Ding et al. (1980) found that persistent extreme precipita-
tion mainly occurs under a long-lived meridional circulation with a “high to the east and low to the west” or a
“two-high” pattern, which is favorable for not only the maintenance of synoptic-scale systems, such as low-level
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vortex, shear line, cold front with a trough and occasionally typhoon, but also the establishment of steady moisture
channels. Such synoptic environments are conducive to the initiation and development of mesoscale convective
systems, which are directly linked to the precipitation processes. For example, low-level jets could produce strong
convergence by enhancing orographic lifting to initiate local convection over North China (Sun et al., 2012; Xia
& Zhang, 2019). Indeed, both the “21-7” and “75-8” extraordinary rainfall events happened under extremely
favorable and steady large-scale circulation patterns, with two high systems, around the Qinghai and the Sea of
Japan, respectively, and a southeasterly or easterly moisture jet strengthened by a typhoon. Combined with the
topographic blocking effect from the Funiu Mountain and Taihang Mountains, mesoscale convective activity is
easily triggered and maintained in Henan Province, resulting in both extreme precipitation events (Ding, 2015;
Shi et al., 2021; Zhang et al., 2021). Therefore, revealing the relationship between large-scale circulations and
precipitation extremes is important for advancing the understanding of the physical mechanisms and providing
potential value for the prediction of precipitation extremes in this region.

Clustering of the large-scale circulation patterns and further identification of the pattern(s) most likely to induce
heavy rainfall is a well-established method for the understanding of the association between circulations and
precipitation extremes (Ohba et al., 2015). As a nonlinear cluster technique, the self-organizing map (SOM) is
an unsupervised neural network method with no a priori assumption that can be used to identify the complex
relationships among nonlinear meteorological variables and, in some cases, precursors to extreme events (Koho-
nen, 1995; Ohba et al., 2015). Moreover, physical scaling diagnostic has been proved to be effective in decom-
posing changes of extreme precipitation into dynamic and thermodynamic contributions to understand the
mechanisms of precipitation extremes at play and real the scaling relation in reproducing the spatial pattern of
precipitation extremes and associated changes (Chang et al., 2020, 2021; O’Gorman & Schneider, 2009; Pfahl
et al., 2017). In this study, we aim to combine the SOM technique and the physical scaling diagnostic to inves-
tigate the relationship between circulation patterns and daily precipitation extremes in Henan Province with the
emphasis on the identification of the circulation patterns most conducive to extreme rainfall and the underlying
mechanisms.

The rest of this paper is organized as follows. Section two describes the data and methodology, including the
SOM method and physical scaling diagnostic of precipitation extremes. Section three presents the clustering of
large-scale circulation patterns and the relationship between circulation patterns and daily precipitation extremes.
Section four reveals the potential mechanisms involved in the differences of precipitation extremes among these
circulation patterns. Section five provides the discussions and concluding remarks.

2. Data and Methodology
2.1. Observed and Reanalysis Data Sets

Observed daily precipitation data from 112 stations in Henan Province for the period 1970-2021 is obtained
from the National Meteorological Information Center, China Meteorological Administration (CMA). The daily
precipitation is accumulated from 1200 Coordinated Universal Time (UTC) in the previous day to 1200 UTC in
the chosen day.

We used 6-hr meteorological variables from the fifth generation of the European Center for Medium-Range
Weather Forecast atmospheric reanalysis data (ERAS) combined with the ERAS back extension (BE) (prelimi-
nary version) from 1970 to 2021, with a horizontal resolution of 0.25° X 0.25° (Hersbach et al., 2020). To match
the timing of daily precipitation observations, we used the records at 12:00 and 18:00 UTC in the previous day
and at 00:00 and 06:00 UTC in the chosen day to calculate the daily mean for the ERAS data set. We also used the
National Centers for Environmental Prediction-National Center for Atmospheric Research Reanalysis (NCEP/
NCAR; Kalnay et al., 1996) and the Japanese 55-year Reanalysis (JRA-55; Kobayashi et al., 2015) to test the
robustness of the large-scale circulation patterns.

The information of tropical cyclone for 1970-2020 is from the best-track tropical cyclone data set compiled by
the CMA-Shanghai Typhoon Institute, which provides tropical cyclone locations and intensities at 6-hr intervals.
Here, only tropical cyclones reaching tropical depression are considered.
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2.2. SOM Methodology

The SOM method projects a nonlinear mapping of a high-dimensional input vector onto a regularly arranged
topological low-dimensional (usually two-dimensional) array, where the elements are defined as nodes (Koho-
nen, 1995), and has been widely used and proved to be effective in characterizing large-scale circulation patterns
and identifying their possible impacts on weather and climate extremes (Horton et al., 2015; Li et al., 2020;
Tan et al., 2019). For example, Loikith et al. (2017) have connected a series of large-scale circulation patterns,
clustered by using SOM, over the northwestern United States with local-scale precipitation and temperature
extremes. Swales et al. (2016) examined the role of integrated moisture transport on heavy precipitation events
over the U.S. Intermountain West by performing a classification using the SOM.

To represent the large-scale circulation patterns, we use daily anomalies of 500 hPa geopotential height and
column-integrated moisture fluxes in the zonal and meridional directions during July—August over the
domain 90-150°E, 10-60°N as input for the SOM. The SOM is implemented by the Python miniSOM library
(Vettigli, 2021). The technical details have been described in many previous studies (Kim et al., 2021; Koho-
nen, 2013; Liu et al., 2006; Thompson et al., 2020), here we only provide a brief overview. The number of nodes
(clusters) needs to be determined before implementing the SOM, and the Euclidean distance between the initia-
tion nodes (randomly assigned in this study) and each input pattern is calculated to begin the iteration procedure,
that is, the “training” of SOM. The winning node is identified by the minimum Euclidean distance, and in the
training processes, the winning node and the corresponding neighborhood nodes are updated to be closer to the
input pattern. The final SOM nodes are the clustered large-scale circulation patterns. In this study, we have tested
several SOM arrays, including 2 X 3, 3 X 3,3 X 4, 4 X 4 arrays, and found that a 3 X 3 node SOM is both sufficient
to represent the range of large-scale circulation patterns and easy to distinguish.

2.3. Physical Scaling Diagnostic

Physical scaling diagnostic can be used to decompose changes of extreme precipitation into dynamic and ther-
modynamic contributions. Following O’Gorman and Schneider (2009) and Pfahl et al. (2017), precipitation
amount P, for daily extreme precipitation at each grid point can be estimated by the scaling relationship, which

is expressed as
dgs
P~—{ w, «
{w dp lo } €))

Here w, represents the vertical velocity on the day of extreme precipitation, dg;/d p|e- is the corresponding verti-

cal derivative of saturation specific humidity ¢, with a constant saturation equivalent potential temperature §*, and
{-} is a mass-weighted vertical integration over the troposphere. The right-hand term of Equation 1 represents an
estimation of the column-integrated net condensation rate.

In this study, we used the scaling relationship to decompose the differences of precipitation extremes under
two circulation patterns, for example, the reference pattern and the changed pattern, to reveal the mechanisms
involved in the differences. The thermodynamic contribution (scaling) represents the effect of specific humidity
and is estimated using Equation 1 with a constant w, (mean value of all days with the occurrence of precipitation
extremes under the reference pattern). The dynamic contribution is calculated by subtracting the thermodynamic
contribution from the changes in full scaling between the two patterns.

3. Circulation Patterns Most Conducive to Daily Precipitation Extremes in Henan
Province

Figure 1d shows the distribution of mean July—August accumulated precipitation over Henan Province for the
period 1970-2021. Overall, averaged over the Henan Province, the July—August total precipitation is 300.1 mm,
with the maximum values, located to the east of the Funiu Mountain (near 33.5°N, 112.4°E) and to the north-
west of the Dabie Mountains (near 31.7°N, 114.8°E), exceeding 400.0 mm. For circulation patterns, during this
stage, Henan Province is to the northwest of the western Pacific subtropical high (WPSH), and the tropospheric
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Figure 2. The composite daily anomalies of geopotential height (colored shading, unit: gpm) at 500 hPa and column-integrated moisture flux (arrows; units:
kg-m~'s7!) in the 3 X 3 self-organizing map (SOM) nodes. Green lines denote 5,860 and 5,880 gpm contours. The number and occurrence frequency for each pattern
are indicated in the upper-right corner. In the lower-left corner, p, represents the mean pattern correlations for 500 hPa geopotential height between the composite
pattern and each pattern in the corresponding SOM node, while p, is calculated as the average of the two mean pattern correlations for zonal and meridional column-
integrated moisture fluxes, respectively.

integrated moisture transport to Henan Province is southwesterly on average from the Bay of Bengal and the
South China Sea (Figure 1c), as reported in previous studies (Ding, 1992; Zhou & Yu, 2005).

The nine composites of large-scale circulation patterns, derived using SOM method, are shown in Figure 2. To
avoid possible “broadening” or “smearing” problems (Swales et al., 2016), we calculate the averaged pattern
correlation coefficient between the composite pattern and each pattern in the corresponding SOM node for all
nine patterns. Overall, these mean pattern correlations are statistically significant. For 500 hPa geopotential
height, these mean pattern correlations are all greater than 0.85, and for the column-integrated moisture fluxes in
zonal and meridional directions, these mean pattern correlations, averaged in two directions, are all greater than
0.40, suggesting that patterns in each node bear high similarities with the mean pattern of that node. Changes in
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intensity and position of the WPSH and development of ridges or troughs, relative to the mean state, are mani-
fested by positive or negative height anomalies at 500 hPa. P2, P3, P5 and P8 exhibit similar features, with posi-
tive (negative) 500 hPa geopotential height anomalies to the north (south) of Henan Province. And correspond-
ingly, we can observe an evident easterly moisture channel from the western North Pacific to Henan Province.
P5 is characterized with the strongest easterly wind anomalies with intense moisture transport in Henan Province
among these patterns. Indeed, the mean state southwesterly has been totally replaced by the intensified south-
easterly wind under P5 (Figure Sla in Supporting Information S1). Moreover, negative height anomalies to the
south of Henan Province are linked to the activities of tropical cyclones. Overall for July—August in 1970-2020,
over the western North Pacific west of 150°E, 92.1% of the total 240 days under P5 are observed with activities
of tropical cyclones with at least the tropical depression strength (i.e., maximum 2-min sustained wind > 10.8 m
s~1) based on the best-track tropical cyclone data set.

An opposite anomaly pattern with positive (negative) 500 hPa geopotential height anomalies to the south (north)
of Henan Province is seen in P9, which indicates an intensified and westward extended WPSH, strengthening
southwesterly moisture transport from the Bay of Bengal and the South China Sea. For P1 and P7, a reduced
southwesterly moisture flux (anomaly northerly moisture transport) is observed over Henan Province, accompa-
nied with negative height anomalies centered near the Korean Peninsula. P4 and P6 show positive height anom-
alies in eastern China associated with anomaly moisture transport from the western North Pacific and the South
China Sea. The clustered circulation patterns using NCEP/NCAR and JRA-55 data are largely consistent with the
results using ERAS5 data combined with ERAS5 BE (preliminary version) data (Figures S2 and S3 in Supporting
Information S1).

To identify the relationship between circulation patterns and precipitation extremes in Henan Province, for each
station, we defined the occurrence frequency of daily precipitation extremes under each circulation pattern as the
ratio of the days with precipitation extremes and the total days in that pattern. For example, at Linzhou Station
(36.1°N, 113.8°E; triangle in Figure 3), there are 74 days with precipitation exceeding the 95th percentile of
precipitation for this station (54.4 mm) during the study period, of which 20 days belong to P5 (245 days in
total). Therefore, in P5 the occurrence frequency of daily precipitation extremes is 8.2% at Linzhou Station. The
95th percentile of precipitation on all wet days (with precipitation greater than or equal to 0.1 mm) is used as
the main threshold for precipitation extremes. Figure 3 shows the spatial distribution of occurrence frequency
of daily precipitation extremes and the proportions of stations with occurrence frequencies exceeding different
thresholds, that is, the 2.0%, 3.0%, 4.0% and 5.0%, under each circulation pattern. A striking feature is that the
largest proportion of stations with high occurrence frequency in daily precipitation extremes is seen under P5
(Figure 3b). For example, the proportion of stations with precipitation extremes occurrence frequency exceeding
3.0% in PS5 is 49.1%, far larger than those in other circulation patterns. The high occurrence frequency under this
pattern mainly concentrates over central and northern Henan Province, exactly the windward slope of the Taihang
Mountains and the Funiu Mountain for easterly flow, where the occurrence of extreme precipitation is orograph-
ically enhanced (Ding, 2015; Ran et al., 2021; Zhang et al., 2021). P9 ranks second in the proportion (29.5%)
of stations with high occurrence frequency (>3%) of precipitation extremes among all circulation patterns. The
higher occurrence frequency of precipitation extremes under P9 is mainly distributed over the southeast Henan
Province, coinciding with the high rainfall region in the climatology (Figure 1d).

In addition to the frequency assessment, we investigated the mean intensities of precipitation extremes with
different thresholds, that is, the 90th, 95th, 98th, and 99th percentiles of precipitation on all wet days. This is done
by averaging all daily precipitation extremes for all stations in Henan Province under each circulation pattern.
As shown in Figure S4 in Supporting Information S1, precipitation extremes under PS5 is also featured with the
largest mean intensity. For example, the mean intensity for daily precipitation extremes with the 99th percentile
threshold is 169.6 mm, at least 45% larger than those in other circulation patterns. Therefore, though P5 only
accounts for a low percentage (7.60%) among all nine patterns, it is the circulation pattern most conducive to the
occurrence of precipitation extremes. Indeed, seven out of total 11 days in the “21-7” and the “75-8” extraordi-
nary rainfall events belong to PS5, and the top two maximum hourly precipitation extremes over continental China
occurred under P5.
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4. Why Are the Daily Precipitation Extremes Under P5 Most Intense?

The above analysis shows that daily precipitation extremes occur with the highest frequency and the largest
mean intensity under P5. In this section we intend to reveal the mechanisms at play by comparing precipitation
extremes between P5 and the rest eight patterns based on the ERAS data. The spatial distribution of mean inten-
sity of daily precipitation extremes in the 3 X 3 SOM nodes based on the ERAS5 data (Figure S5 in Supporting
Information S1) is largely consistent with the results based on the observational precipitation data. As indicated
in Figure S6 in Supporting Information S1, the full scalings, based on Equation 1, bear high similarities with
the corresponding precipitation extremes directly from the ERAS data, with spatial correlation coefficients all
greater than 0.8 under all nine circulation patterns, proving the effectiveness of the scaling relationship.

To shed light on the reason why the mean intensity for precipitation extremes under P5 is the largest, we decom-
pose the changes of precipitation extremes, between P5 and all eight other patterns, into thermodynamic and
dynamic contributions. The spatial distribution of the changes in extreme precipitation exceeding the 95th
percentile agrees well with the corresponding full scaling (Figures 4a and 4b). For extreme precipitation exceed-
ing the 95th percentile, the fractional difference of thermodynamic scaling between P5 and other patterns is
relatively small in amplitude (lower than 5%) over Henan Province (Figure 4c). In contrast, fractional changes in
dynamic scaling are consistently positive over most regions of Henan Province and exhibit a pronounced regional
difference (Figure 4d). Note that the changes in dynamic and thermodynamic scaling are corresponding to those
of vertical velocity @, and vertically integrated saturation specific humidity g, on the days of extreme precipita-
tion (Figure S7 in Supporting Information S1), respectively. Averaged over Henan Province, the increases in the
dynamic scaling dominate the increases in full scaling between PS5 and all eight other patterns, for precipitation
extremes exceeding the 90th, 95th, 98th and 99th percentiles, while the contributions of the thermodynamic scal-
ing are small (Figure 4e). Therefore, we could safely conclude that the stronger ascending motions are primarily
responsible for the larger mean intensity for precipitation extremes under P5. Moreover, the difference of thermo-
dynamic and dynamic scaling between P9 and other patterns is shown in Figure S8 in Supporting Information S1.
The thermodynamic contribution dominated the increase in extreme precipitation exceeding the 95th percentile
between P9 and other patterns, which corresponds to the strengthening southwesterly moisture transport from the
Bay of Bengal and the South China Sea in P9.

5. Conclusions and Discussion

In this study, we applied SOM clustering method to identify nine large-scale circulation patterns for July—August
in Henan, one of the most populated provinces in China. We find that the PS5 is most conducive to daily precipita-
tion extremes, showcasing the highest frequency and intensity of precipitation extremes among all nine patterns.
Seven out of total 11 days for the “21-7” and the “75-8” events belong to P5, and the top two maximum hourly
precipitation extremes over continental China occurred under P5. In this pattern, the Henan Province is exactly
to the windward slope of the strong easterly flow anomalies associated with tropical cyclone activity over the
western North Pacific. Using a physical scaling method, we decomposed the differences in precipitation extremes
between P5 and the other patterns into dynamical and thermodynamical contributions. The larger mean intensity
for precipitation extremes under P5 is mainly attributed to the dynamics, that is, the stronger ascending motions,
with relatively little contribution from the thermodynamics, that is, the moisture conditions. The dynamic effect
may have been mainly related to the strong mid to low-troposphere easterly wind, the peculiar terrain (the Taihang
Mountains and the Funiu Mountain) to the west of the province and the so-called train effect with the develop-
ment and movement of multi-cell storms, and the maintenance of mesoscale convergence line in eastern Henan
(Ding, 2015; Zhang et al., 2021).

Indeed, previous studies also emphasized that strong ascending motions induced by topographical lifting are criti-
cal to the development of the “21-7” and the “75-8” extreme precipitation events (Ding, 2015; Zhang et al., 2021).
However, few studies used the SOM clustering method to study the circulation patterns associated with such
catastrophic extreme precipitation events. Moreover, we have, in a quantitative manner, clarified the dominant
role of the stronger ascending motion in the stronger precipitation extremes in P5 circulation pattern. It should
be noted that both catastrophic extreme rainfall events, that is, the “75-8” and ‘“21-7” events, are the result of
extremely favorable and complicated circulation configurations. As shown in previous studies (Ding, 2015; Ran
et al., 2021), the “75-8” and “21-7” events are associated with a landfall TC over South China and a remote TC
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Figure 4. Fractional changes of P5 relative to other patterns in mean (a) precipitation extremes, (b) full scaling, (¢) thermodynamic scaling, and (d) dynamic scaling
for all days with daily precipitation exceeding the 95th percentile. (e) Regional mean changes of P5 relative to other patterns over the Henan Province in precipitation
extremes, full scaling, thermodynamic scaling, and dynamic scaling for all days with daily precipitation exceeding the 90th, 95th, 98th, and 99th percentiles.
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over the western North Pacific, respectively. Both are featured with a north-south dipole structure of anomalies in
500 hPa geopotential height and an anomaly easterly wind (Figure S1 in Supporting Information S1). We further
decompose the differences of precipitation extremes, between the 7 days of the two extreme rainfall events under
P5 and all the other days, into thermodynamic and dynamic contributions (Figure S9 in Supporting Informa-
tion S1). The more intensified precipitation of the two catastrophic extreme rainfall events, relative to the rest
days, is dominated by the dynamic contribution, while the thermodynamic effect shows no obvious difference
between them. Indeed, several variables are certainly not enough to represent all characteristic features of these
two events. Other variables such as specific humidity, vertical velocity, low-level wind (Ohba et al., 2015; Schlef
et al., 2019) could be integrated to sufficiently and effectively represent the large-scale weather patterns.

This study provides a meaningful step in linking the occurrence of precipitation extremes in Henan Province with
large-scale conditions. We provide a framework, combining the SOM clustering method with the physical scaling
diagnostic, to identify the circulation pattern most conducive to precipitation extremes and to reveal the involved
mechanism by decomposing precipitation extremes changes into thermodynamic and dynamic contributions.
In this way, we could investigate many aspects of precipitation extremes, including evaluating how well global
climate models simulate these large-scale circulation patterns and their relationship to precipitation extremes, and
assessing their past and future changes.

Data Availability Statement

Due to the data policy in China, the original climate records of precipitation at the 2,425 stations are not available
via a website for the public. However, anyone could contact the China Meteorological Data Service Center (http://
data.cma.cn/en) or the China Meteorological Administration (CMA) (http://www.cma.gov.cn/en2014/aboutcma/
contactus/) for detailed information on data acquisition. The processed precipitation data are available at http://
data.cma.cn/sj/dataPub/dataDetail.html?dataCode=292. The meteorological data are retrieved from the ERAS by
the European Center for Medium-Range Weather Forecast at https://www.ecmwf.int/en/forecasts/datasets/reanal-
ysis-datasets/era5. Population counts are from the Gridded Population of the World Version 4 database at http://
sedac.ciesin.columbia.edu/data/collection/gpw-v4. The intensity and best-track data of typhoons were obtained
from CMA tropical cyclone database (https://tcdata.typhoon.org.cn/en/zjljsjj_zlhq.html). The self-organizing
map is implemented by the Python miniSOM library (Vettigli, 2021).
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