
1. Introduction
Extreme precipitation (EP) is responsible for floods (van Oldenborgh et al., 2017) and causes widespread 
destruction of infrastructures, economic damages, and the loss of lives(Keller & Atzl,  2014; Rosenberg 
et  al.,  2010; Rosenzweig et  al.,  2002; Vogel et  al.,  2019). An increasing body of observational evidence 
has shown consistent intensification of precipitation extremes from different parts of the planet (Donat 
et al., 2016). Observations show that maximum hourly summer rainfall intensity has increased by about 
11.2% on average in China, and the corresponding event accumulated precipitation has increased by more 
than 10% on average (Xiao et  al.,  2016). Global warming is projected to drive further intensification of 
precipitation extremes toward the future due to increased moisture supply in the atmosphere (Beniston 
et al., 2007; H. Chen, 2013; Kharin et al., 2013; Tebaldi et al., 2006). Climate prediction and risk assess-
ment of future precipitation extremes have vital importance for impact management and climate change 
adaptation.

However, limited by insufficient observations and model resolution, it remains a great challenge to ad-
equately describe, simulate, and predict the process of precipitation and precipitation extremes (Pfahl 
et al., 2017; Q. Zhang et al., 2017). It is very much desirable to explore alternative novel methods to best 
utilize current model predictions and climate projections for impact assessment and adaptation planning. 
One of such methods is to identify the synoptic weather patterns leading to EP (Utsumi et al., 2016, 2017).

It is known that EP over East China has the largest amount in summer (Yao et al., 2010) and can be caused 
by the synoptic systems such as the Meiyu front, tropical cyclone (TC), and low vortex (R. C. Y. Li & 
Zhou, 2015; Luo et al., 2016; Wu et al., 2016; Xie et al., 2018; C. Zhang et al., 2008; Q. Zhang et al., 2017). The 

Abstract Extreme summer precipitation often associated with flash floods has devastating impact on 
the local economies and livelihood of millions of people over East China. Tracking down the drivers of 
those extreme events will help to understand their formation mechanisms and to improve forecasts. Here 
the synoptic patterns associated with summer extreme precipitation events over East China during 1961–
2018 have been identified systematically and quantitatively using a circulation clustering method. The 
results show that regional events over East China are dominated by the Eastern Asian summer monsoon 
associated Meiyu front, landfalling tropical cyclones and low-pressure vortices. Most sub-regions have 
seen increasing trends of extreme rainfall events during the past 6 decades with comparable contributions 
from the two main drivers. There was a decreasing trend over the North China Plain driven by the low-
level southeasterly winds.

Plain Language Summary Closely linked to flash floods, extreme precipitation is one of 
the high impacts but low probability weather phenomena that challenge modern numerical predictions. 
However, models are generally more skillful in predicting synoptic weather systems than precipitation 
itself. Taking East China as an example, this paper demonstrates the links between extreme precipitation 
events and synoptic weather systems using circulation clustering. Two major weather systems, the Eastern 
Asian Summer Monsoon and landfalling tropical cyclones are responsible for most extreme precipitation 
events (about 70%) over East China during the summer season. If models can accurately predict the 
strength and position of these weather systems, there may be enhanced potential of predicting regional 
precipitation extremes. Such implications are not regionally limited.
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middle- and upper-level atmospheric circulation systems also play important roles in the formation of EP, 
that is, the location of western North Pacific subtropical high (WNPSH), the strength of South Asian High 
(SAH), as well as the location of upper-level Eastern Asian Subtropical Jet (EASJ), all significantly affect 
the EP over East China(Ge et al., 2019; Huang et al., 2014; L. Li & Zhang, 2014; Ning et al., 2017; Yokoyama 
et al., 2017; Q. Zhang et al., 2017). And the configuration of these systems, such as the combined effect of 
WNPSH and SAH, can lead to persistent EP events (Y. Chen & Zhai, 2014). Thus, different configurations 
of these weather systems can form various synoptic patterns and further result in the regional extreme pre-
cipitation events (REPE) with distinct characteristics.

Some earlier studies have been conducted to reveal the synoptic patterns through cluster analysis, such as 
k-means (Amini & Straus, 2019; Fereday et al., 2008; Riddle et al., 2013; Stahl et al., 2006), self-organizing 
maps (SOM) (Horton et al., 2015; Ohba & Sugimoto, 2019; Schlef et al., 2019), and hierarchical cluster-
ing(Hu et al., 2019; Wu et al., 2016). And the synoptic patterns associated with REPE have been revealed 
over some regions via clustering method (Houssos et al., 2008; Swales et al., 2016). Most studies perform 
clustering on single-level fields such as 500 hPa geopotential height, sea level pressure or upper-level zonal 
wind, which may be not convincing enough to reveal the synoptic patterns related to REPE that is the result 
of combination effect of multi-level circulation systems. Moreover, the coverage of the input fields in these 
studies are too large, which is not conducive to reveal the regional circulation characteristics. Here, clus-
tering is applied on wind fields at the lower to upper troposphere within each sub-region of East China to 
identify the synoptic patterns associated with the REPE.

Here, we aim to answer the following two questions: (1) what are the synoptic patterns responsible for the 
REPE over each sub-region of East China in summer? (2) what are the temporal variations of these patterns 
during 1961–2018?

2. Data and Methods
2.1. Rain Gauge Data and Reanalysis Data

Twelve-hourly (20:00–08:00 and 08:00–20:00 Beijing time) rain gauge data are obtained from the Chinese 
Meteorological Administration (CMA), which covers 2,424 weather stations for June, July, and August dur-
ing 1961–2018. Six-hourly geopotential height, wind and vertical velocity data with a resolution of 2.5° in 
latitude by 2.5° longitude are downloaded from the National Centers for Environmental Prediction/Na-
tional Center for Atmospheric Research (NCEP/NCAR) reanalysis at https://psl.noaa.gov/data/gridded/
data.ncep.reanalysis.pressure.html. The NCEP/NCAR dataset is then projected to the same 12-hourly in-
terval consistent with the gauge data. The best-track dataset of TCs from CMA (Ying et al., 2014) is used 
to verify the contribution of TCs and available at http://tcdata.typhoon.org.cn/. The ERA5 dataset with a 
0.25°  ×  0.25° horizontal resolution during 1979–2018 (https://www.ecmwf.int/en/forecasts/datasets/rea-
nalysis-datasets/era5) is also used for comparison.

2.2. Definition of Extreme Precipitation and Regional Events

Based on the 12-hourly rainfall amount data during summers of 1961–2018, an EP event is defined as where 
the accumulated 12-hourly precipitation exceeds the 95th percentile threshold of all historical rainfall records 
that exceeds 0.1 mm at a given location. Following Xie et al.  (2018), number of stations with EP events is 
counted at all 12-h during summers of 1961–2018 over a sub-region, then the REPE are defined when the 
number of stations with concurrent EP events exceeds the 95th percentile of these counted station numbers 
(minimum 1).

2.3. Definition of SAH, WNPSH, and EASJ

The SAH is shown by the 12,500 gpm contour at 200 hPa (Ning et al., 2017) and the WNPSH is indicated by 
the 5,880 gpm contour at 500 hPa. The axis of upper-level EASJ is determined by the composite location of 
jet core defined as latitude with the maximal zonal wind within 25°–55°N along each longitude between 70° 
and 150°E at 200 hPa (Yokoyama et al., 2017).
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2.4. Clustering Method

Spectral clustering is a modern clustering algorithm that outperforms traditional clustering algorithms such 
as k-means in many cases (von Luxburg, 2007), it performs traditional clustering on affinity matrix rather 
than raw data and is rarely applied in the atmospheric science yet.

Python machine learning package (Pedregosa et al., 2011) containing spectral clustering is used to conduct 
cluster analysis on the wind fields at 925, 850, 700, 500, and 200 hPa during REPE. Each record of u or v at a grid 
point is regarded as a feature, and the wind fields are two three-dimensional arrays (u and v) during a regional 
event, they are flattened (axis by axis) to one-dimensional arrays and merged together (v follows u) to form a 
sample, the order of features will not influence the results of clustering, just make sure to use the same rule to 
flatten the arrays of all events. Finally, a matrix with shape of n_samples × n_features is obtained as the input 
data in each sub-region (n_samples refers to the number of samples, it is the total cases of REPE over a given 
sub-region here, and n_features refers to the number of features), and standardization of the matrix should be 
done along the sample axis before the input. Some options in the algorithm need to be set, that is, the “near-
est_neighbors” is set to construct the affinity matrix and the “kmeans” is selected to assign the cluster labels.

3. Results
3.1. Background

Based on the 12-hourly rainfall amount data, EP is detected at 2,424 stations over China. Figure 1 shows 
the observational characteristics of summer EP in China for the period of 1961–2018, including the distri-
butions of weather stations and sub-regions (Figure 1a), EP frequency (Figure 1b), EP amount (Figure 1c), 
and the historical trends of EP frequency (Figure 1d). High frequency occurs in southwestern China and 
southeastern Tibetan Plateau while high amount spreads from western Sichuan Basin to the southern coast. 
Significant increasing (decreasing) trends of EP frequency mainly concentrate in the Lower reach of the 
Yangtze River Basin (North China and Sichuan Basin), which is consistent with previous studies (Dong 
et al., 2011; Su et al., 2006; Wang & Zhou, 2005; H. Zhang & Zhai, 2011). Trends of EP amount show similar 
distribution as the frequency (not shown).

According to above backgrounds, East China is divided into four sub-regions: southeastern China, the Lower 
reach of the Yangtze River basin, North China Plain, and northeastern China, the REPE thresholds are 34, 33, 
39, 19 stations, the total stations are 405, 370, 467, 181, and the total occurrences of REPE are 413, 330, 309, 
299, respectively. For each sub-region, records at grids within the green box shown in Figure 1 and surround-
ing grids within 1° are used for clustering (grids used for the four sub-regions are 42, 20, 20, 36, respectively).

3.2. Synoptic Patterns Responsible for Regional Extreme Precipitation Events

Cluster analysis identifies three synoptic patterns over southeastern China, the Lower reach of the Yangtze 
River Basin, northeastern China and two patterns over North China Plain (Figure 2) (cluster number is an 
input parameter and determined by objective score [Caliński & Harabasz, 1974], details are shown in the Sup-
porting Information). The occurrence probability of EP at a station is defined as the ratio of total EP occurrenc-
es under a given synoptic pattern to the total occurrences of the specific synoptic pattern. Higher occurrence 
probability implies that the EP is more likely to happen there under such pattern. Over southeastern China, the 
monsoon-like synoptic pattern 1 characterized by low-level prevailing southwesterly contributes about 72% of 
total REPE, with higher EP occurrence probability concentrated in the north inland area (Figure 2a). Patterns 
2 and 3 are cyclone-like patterns (Figures 2b and 2c), and most cases of pattern 2 (3) are consist of landfalling 
TCs moving northward (northwestward) (Figures 3a and 3b). High EP occurrence probability (more than 24%) 
concentrates along the coastal areas under these two patterns. Over the Lower reach of the Yangtze River Ba-
sin, the monsoon-like synoptic pattern 1 leads to around 57% of total REPE, with higher EP occurrence prob-
ability spreading along the Yangtze River (Figure 2d). Low-level winds under the monsoon-like pattern 2 have 
typical characteristics of the Meiyu front with easterly (southwesterly) located in the north (south) (Zheng 
et al., 2008), and EP is more likely to occur in the south (Figure 2e). More than 90% cases of the cyclone-like 
pattern 3 are resulted from the landfalling TCs (Figure 3c) and EP tends to happen along the eastern coast (Fig-
ure 2f). Over northeastern China, the cyclone-like pattern 1 is characterized by a low vortex and contributes 
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about 53% to the total REPE, the southwesterly of the vortex prevails in the southwestern part where relative 
higher EP occurrence probability occurs (Figure 2g). The monsoon-like pattern 2 is characterized by prevailing 
southwesterly (northwesterly) over south (north) of northeastern China, under which EP tends to occur in 
the southwest (Figure 2h). Around 40% cases of the cyclone-like pattern 3 (Figure 2i) are contributed by the 
landfalling TCs (Figure 3d), the other cases can be low vortexes shifting eastward, and EP is likely to happen in 
the southeast of northeastern China under this pattern. Over North China Plain, the two synoptic patterns are 
dominated by low-level southwesterly and southeasterly, respectively (Figures 2j and 2k). Most cases of REPE 
(∼82%) happen under the synoptic pattern 1 with relative smaller EP occurrence probability spread over the 
region. Pattern 2 only leads to around 18% cases of total REPE, but much higher occurrence probability of EP 
is noted in the west and north of North China Plain under this pattern compared to pattern 1.

Generally, the synoptic patterns characterized by EASM and the Meiyu front contributes about 70% (P1), 90% 
(P1 + P2), and 80% (P1) to the total REPE over southeastern China, the Lower reach of the Yangtze River Basin, 
and North China Plain, respectively. For the landfalling TCs, they have contributed to the REPE over southeast-
ern China and the Lower reach of the Yangtze River Basin by ∼30% and ∼8.2%, respectively. Because only about 
40% cases of pattern 3 over northeastern China are contributed by the landfalling TCs and the other cases can be 
related to low vortexes, we can say that about 60% of REPE over northeastern China are resulted from the low 
vortexes, while the summer monsoon and landfalling TCs contribute approximately 35% and 5%, respectively.
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Figure 1. Spatiotemporal characteristics of summer extreme precipitation in China. Station distribution (red dots) and sub-region boundaries (green boxes) 
are shown in (a) (southeastern China [SEC]: 107°–123°E, 16°N–28°N, the Lower reach of the Yangtze River Basin (LYRB): 112°–123°E, 28°–34°N, North China 
Plain (NCP): 112°–122°E, 34°–42°N, northeastern China (NEC): 122°–135°E, 40°–52°N), with the surface terrain height shaded. Average extreme precipitation 
frequency and amount are shown in (b) and (c), linear regression trends of extreme precipitation frequency at stations are shown in (d), the statistical 
significance is tested by Student-t test and significant level of 0.05 is selected. The green lines in (b) to (d) are the contour of 2500 m height.
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3.3. Joint Actions of Multiple Systems

The positions of WNPSH, SAH, and EASJ play important roles in the formation of summer EP over East 
China (Ge et al., 2019; Ning et al., 2017; Yokoyama et al., 2017; Q. Zhang et al., 2017). To examine how the 
different synoptic patterns affect the REPE over each sub-region, Figure 4 further gives the configurations 
of these multi-level systems under different synoptic patterns.

Under the monsoon-like patterns (Figures 4a, 4d, 4e, 4h, 4j, and 4k), SAH tends to extend eastward and 
northward compared to summer climatological position (except for pattern 1 over southeastern China), and 
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Figure 2. The synoptic patterns responsible for regional extreme precipitation events (REPE) over each sub-region of East China revealed by clustering at 
850 hPa. The average fields of each synoptic pattern are shown. Each row shows different patterns over a sub-region, filled value (bottom color bar) is the 
occurrence probability of extreme precipitation (see text), vectors refer to winds and contours refer to geopotential heights (right color bar, units: gpm). Pattern 
name (“P1” means pattern 1), total occurrence and proportion of each synoptic pattern to the total occurrence of REPE are shown in the subtitle.
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EASJ shifts southward in the southern two sub-regions and northward in the northern two sub-regions, 
while WNPSH tends to extend northwestward except for pattern 2 of North China Plain. The northwest-
ward extension of WNPSH leads to significant positive anomaly of geopotential height and strong south-
west water vapor transport, which finally leads to higher EP occurrence probability combined with the 
strong updrafts at 700 hPa. The two synoptic patterns over North China Plain show some differences, they 
are characterized by an anomalous high around Korean at 850 hPa, and the water vapor paths are different, 
it comes from South China Sea under pattern 1 and East China Sea as well as Yellow Sea under pattern 2, 
respectively. Obviously, higher EP occurrence probability is likely to occur at northeast of SAH, south of 
EASJ and northwest of WNPSH under monsoon-like patterns.

Under the cyclone-like patterns (Figures  4b, 4c, 4f, 4g, and  4i), the SAH tends to extend farther north-
east, which favors the formation of upper-level divergence, the EASJ all shifts northward correspondingly. 
While the WNPSH can affect the moving path of landfalling TCs, for example, under pattern 2 (3) over 
southeastern China the farther east (west) location of WNPSH guides the TCs turning northward (moving 
northwestward) (Figures 3a and 3b). The eastward retreat of WNPSH is favorable for the eastward move-
ment of vortexes under patterns 1 and 3 over northeastern China. Overall, the water vapor transport from 
South China Sea and East China Sea driven by the cyclones including landfalling TCs leads to high EP 
occurrence probability with the cooperation of strong updrafts.

It can be noted that the coverage of large positive divergence of 200 hPa anomalous winds over the north-
east of SAH and south of EASJ matches well with the locations of strong updrafts and high EP occurrence 
probability, indicating the SAH and EASJ play important roles in the formation of strong updrafts via 
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Figure 3. Contributions of tropical cyclones (TCs) to cyclone-like patterns. Lines with different colors indicate the 
paths of different TCs, red dots show the locations of tropical cyclone centers during regional extreme precipitation 
events (REPE), purple cross indicates the location of the cyclone center (defined as grid with smaller geopotential 
height than the eight grid points around) at the 850 hPa average field of a given cyclone-like pattern. Green boxes are 
the region boundaries. Only TCs with the centers close enough to the cyclone center (within 5° around) during REPE 
are selected (in other words, TCs with path drown all have at least one red point close enough to the purple cross). TC 
record number and total cases of the cyclone-like patterns are shown in the subtitle. Pattern 1 over northeastern China 
is not considered because there are only two records of TCs close enough within the 158 cases in total.
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divergence pumping effect (B. Liu et al., 2015; Yokoyama et al., 2017). In all, the REPE over East China 
are results of joint action of multi-level systems, the WNPSH and cyclones including landfalling TCs 
drive the water vapor transport, while SAH and EASJ are favorable for the strong updrafts. Different con-
figurations of multiple systems determine the distributions of EP occurrence probability under different 
patterns.
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Figure 4. Configuration of South Asian High (SAH), western North Pacific subtropical high (WNPSH), and Eastern Asian Subtropical Jet (EASJ) under 
each synoptic pattern. Solid lines refer to SAH, short dashed lines refer to WNPSH, and long dashed lines refer to the axis of EASJ. Red, blue, and green lines 
show the position of SAH, WNPSH, and EASJ under each synoptic pattern, respectively. The black lines show their summer climatological positions. Vectors 
indicate the vertically integrated water vapor flux (1000–300 hPa) which is significant. Thicker contour lines indicate the significant geopotential height (gpm) 
under each synoptic pattern, all significant level is 0.05 tested by Student-t test. Green slashes indicate that the anomalous wind divergence at 200 hPa is more 
than 4 × 10−6 s−1. Orange dotted areas indicate the ascent speed is more than 1 cm s−1 at 700 hPa. Shaded values are the occurrence probability of extreme 
precipitation like Figure 2.
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3.4. Long-Term Trends

The monsoon-like synoptic patterns over southeastern China and the Lower reach of the Yangtze River 
Basin mainly appear in June and their occurrences show increasing trend during the past 6 decades (Fig-
ures 5a, 5d, and 5e). The monsoon-like pattern 2 over northeastern China shows a slight increasing trend 
and concentrates in July and August, in accordance with the period when the monsoon-like background 
circulation is likely to occur (Zhao et al., 2018) (Figure 5h). The two synoptic patterns over North China 
Plain mostly occur in mid-to-late summer with the occurrences of pattern 1 (2) showing an insignificant 
increasing (a significant decreasing) trend (Figures 5j and 5k). It can be seen that most monsoon-like pat-
terns (pattern 1 over southeastern China and the Lower reach of the Yangtze River Basin, pattern 2 over 
northeastern China and North China Plain) decreased from 1960s to 1990s, abruptly increased during 1990s 
and reduced after 2000, corresponding to the weakening and recovery of EASM (Ding et al., 2008; Han 
et al., 2015; H. Liu et al., 2012; Xu et al., 2006).

All cyclone-like patterns show increasing trends during the past 6 decades and most of them occur in July 
and August (Figures  5b, 5c, 5f, 5g, and  5i). The increasing occurrences of these patterns are consistent 
with the increasing frequency and intensity of TCs over northwestern Pacific (Kossin et al., 2020; Mei & 
Xie, 2016; Qiu et al., 2019). Over southeastern China, the synoptic pattern 2 shows a slight increasing trend 
(Figure 5b), while pattern 3 occurs more frequently since 1996 (Figure 5c). Over the Lower reach of the 
Yangtze River Basin, pattern 3 occurs more frequently since 1986, and a significant increasing trend can 
be detected (Figure 5f). Over northeastern China, pattern 1 characterized by the low-level vortex distrib-
utes evenly and displays a weak increasing trend. Synoptic pattern 3 characterized by a mixture of vortices 
shifting southeastward (∼60%) and landfalling TCs (∼40%) shows decadal changes with relative higher 
occurrences in 1960s, 1980s, and 2010s to some extent (Figure 5i).

The changing rates of REPE occurrences ranging from −0.09 to 0.87 times decade−1 over East China ex-
hibit regional differences, with the fastest increasing trend over the Lower reach of the Yangtze River 
Basin and a slight decreasing trend over North China Plain (Figure 5l). Both the monsoon-like pattern 
(pattern 1) and cyclone-like patterns (patterns 2 and 3) with comparable increasing trend (0.22 vs. 0.19 
times decade−1) result in the total increasing trend of REPE occurrences over southeastern China. The sig-
nificant increasing trend of REPE occurrences over the Lower reach of the Yangtze River Basin is largely 
determined by the monsoon-like patterns (patterns 1 and 2) with the intensity of ∼78% Meanwhile, the 
occurrences of pattern 2 characterized by the Meiyu front and the cyclone-like pattern 3 characterized by 
landfalling TCs increase significantly by 0.49 and 0.19 times decade−1, respectively. The slight decreasing 
trend of REPE occurrences over the North China Plain is mainly resulted from the significantly reduced 
synoptic pattern 2, which offsets the increase of the synoptic pattern 1. All three synoptic patterns over 
northeastern China consistently show increasing trends, with pattern 2 exhibiting the fastest increase 
rate. In addition to the primary contribution of monsoon-like pattern, the increase of landfalling TCs (0.03 
times decade−1) leads to the secondary contribution to the increasing trend of the REPE occurrences over 
northeastern China.

4. Summary and Discussion
Toward risk assessment and climate prediction of EP events, this paper has explored the potential of an 
indirect method: links between synoptic weather patterns and summer EP. Based on this principle, synoptic 
patterns associated with summer REPE over each sub-region of East China have been detected by spectral 
clustering systematically and quantitatively. Weather systems responsible for regional events, as well as 
their contribution to the occurrences and variations of REPE are investigated. Synoptic patterns related to 
EASM and TCs are responsible for about 70% of regional events over East China. Meanwhile, the Meiyu 
front and low-level vortex also have considerable contributions to the REPE over the Lower reach of the 
Yangtze River Basin and northeastern China, respectively.

Most sub-regions show increasing trends of REPE during the past 6 decades. Over southeastern China, the 
monsoon-like and cyclone-like synoptic patterns have comparable contributions to the increase of REPE, 
while the synoptic pattern characterized by the Meiyu front dominates the robust increasing REPE over the 
Lower reach of the Yangtze River Basin. Long-term decrease of synoptic pattern characterized by low-level 
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southeasterly over the North China Plain is responsible for the significant decrease of REPE there. Over 
northeastern China, the monsoon-like pattern dominates the increase of REPE.

Extremes are, by definition, low-probability high impact events. It remains a challenge to predict the oc-
currence, intensity, and location of a particular extreme event. Predicting EP is even more challenging 
because of the crude representation of rainfall processes in numerical models and the limitation of current 
model resolutions. Some researchers have introduced the weather-pattern-based methods on precipitation 
prediction, and infer that the methods are more skillful in heavy rain prediction than traditional methods 
(Gottardi et al., 2012; Nguyen-Le et al., 2017; Nguyen-Le & Yamada, 2019; Vuillaume & Herath, 2017). This 
study demonstrates a novel approach in identifying synoptic drivers of EP events. The results will enable us 
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Figure 5. Temporal variations of synoptic patterns associated with the regional extreme precipitation events (REPE) over eastern China. Stacked histograms 
(a–k) show the occurrences of synoptic patterns every 5 years (except for the last bar which shows the occurrences of 3 years from 2016 to 2018), different 
colors indicate the occurrences in different months. Orange lines show the occurrences of the patterns in each summer and red lines are linear regression lines. 
Sub-region name and synoptic pattern name are shown in the subtitle, followed by the total occurrence of the pattern in the bracket. Cyclone-like patterns are 
emphasized by light-gray background. Linear trends of total REPE and each pattern are shown in (l) (units: times/decade), with significant (0.05 level) trends 
indicated by red backgrounds.
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to develop indirect methods for predicting extreme rainfall events and risk assessment of future extremes 
under a growing global warming trend.

Limited by the lack of long-term and fine resolution data, we can only apply clustering on 2.5° reanalysis 
data at present. A comparison with the results using the latest ERA5 data clustered by the same method and 
the results using NCEP data after 1979 (not shown) shows slight difference from our conclusions.

Data Availability Statement
The authors are also grateful to CMA (http://tcdata.typhoon.org.cn/), NCEP (https://psl.noaa.gov/data/
gridded/data.ncep.reanalysis.pressure.html), and ECMWF (https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era5) for allowing them to use the data.
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