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Beijing-Tianjin-Hebei (BTH) is undergoing huge risks from severe precipitation extremes, but their climate
features and underlying mechanisms are not fully understood and warrant in-depth investigations. Here, the
summer extreme precipitation events in BTH are objectively divided into two types according to the spatial
distribution i.e., Northeast precipitation (NEP) and Southwest precipitation (SWP) and their underlying mech-
anisms are revealed and compared from perspectives of circulation patterns and moisture transports. In the case
of Type NEP, the anomalous deep low-pressure (high-pressure) systems respectively cover over the west (east) of
BTH, which jointly induce strong anomalous southwesterly and southerly airflows converging over BTH. The
converging airflows strengthen water vapor transports from the western and southern boundaries of BTH and
result in a strong convection over northeastern BTH, thereby triggering Type NEP precipitation. Compared with
Type NEP, the circulation pattern of Type SWP is characterized by an anomalous deep (shallow) high-pressure
(low-pressure) system over northeast (southwest) of BTH, respectively. The circulation patterns could induce
strong anomalous southerly and easterly airflows converging over BTH and thus strengthen water vapor trans-
ports from the southern and eastern boundaries of BTH, resulting in a strong convection over southwestern BTH.
Over the long-term period, the summer extreme precipitation days with multiple return periods extracted by the
Generalized extreme value distribution theory show significantly increasing trends in Beijing-Tianjin and sur-
rounding areas, particularly in urban regions, indicating that summer extreme precipitation events are becoming
more frequent. These findings provide theoretical basis for summer extreme precipitation forecasting and sci-
entific insight for taking effective measures to mitigate the corresponding disasters in BTH.

1. Introduction China, extreme precipitation events are particularly sensitive (Xu et al.,

2009) and more responsible to climate warming (Sun et al., 2020; Wu

Under the background of climate warming, weather and climate
extremes occur frequently, posing harmful impacts on societal and
ecological systems (Easterling et al., 2000; IPCC, 2021; Zaz et al., 2019).
Climate warming can modulate the water cycle by strengthening surface
water vapor evaporation and thus poses significant effects on global
precipitation (Jin, 2014; Rawlins et al., 2010; Westra et al., 2013). In
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et al., 2015), causing huge disasters such as floods and urban water-
logging (Sun and Zhang, 2017; Zhai et al., 2005; Quan, 2014; Donat
et al., 2016; Zaz et al., 2019). As global warming continues, it is note-
worthy that extreme precipitation will occur more frequently (Long
et al., 2016) and exhibit more and more strong precipitation intensity
(Zhang and Zhou, 2020; Wu et al., 2015). Investigating the climate
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features and underlying mechanism of extreme precipitation is therefore
urgently needed to provide scientific insights for taking adaptation
measures to mitigate the relevant disasters.

Extreme precipitation is significantly modulated by atmospheric
circulations and varies across different areas (Ning et al., 2021; Huang
et al., 2017). In East China, summer extreme precipitation is affected by
the weak East Asian summer monsoon (EASM) and the southerly strong
western Pacific subtropical high (WPSH) (Wang and Zhou, 2005; Qian
etal., 2009; Lu et al., 2004), which can bring abundant water vapor from
the South China sea and western Pacific and provide favorable dynamic
conditions (Li, 2011). On the contrary, summer extreme precipitation in
North China is controlled by the circulation pattern of western low-
pressure and eastern high-pressure system (Chen, 2012; Liu et al.,
2007), accompanying with water vapor transport by strengthened EASM
(Ding, 1992; Li and Zhou, 2015) and northward-extended WPSH (Wang
and Zhou, 2005). In particular in the Xinjiang of Northwest China, a
wave pattern with the deepening of the western Siberian trough, central
Asian high, and Mongolian high are the main weather systems causing
summer precipitation events, which can transport a large amount of
water vapor and induce a strong convection over here (Ning et al., 2021;
Zhou et al., 2021; Wang et al., 2019). What’s more, the downstream
development effect of the wave pattern originating from the northeast
side of the Tibetan plateau also triggers extreme precipitation occur-
rence in Central China (Saeed et al., 2011). These studies reveal the
underlying mechanism of extreme precipitation by investigating the
physical processes of extreme precipitation as a whole for all extreme
precipitation events and highlight that the atmospheric circulations
significantly modulate extreme precipitation by transporting water
vapor and providing convective conditions.

Beijing-Tianjin-Hebei (BTH), as the most core areas of China, is
located in the North China Plain, which has large population density and
the most active economic development in China and faces with more
and more frequent and intense extreme precipitation (Guo et al., 2019;
Liang et al., 2018). In BTH, rainfall mainly occurs in summer with mean
annual summer precipitation of 343.6 mm during 1979 to 2020. Espe-
cially during July to August, rainstorms (the 24 h accumulated precip-
itation > 50 mm) are characterized by strong suddenness frequently
occurring and often induce several extreme precipitation events (Yu
et al., 2015). These extreme precipitation events may exert more serious
damages to human health, societal, and ecological systems. For instance,
the extreme precipitation event occurred in Beijing and its surrounding
areas in July 21, 2012 with the regional average precipitation of 190.3
mm in Beijing (Chen et al., 2012). The amount of precipitation at 8
national meteorological stations in Beijing and its surrounding areas
broke their records and this rainstorm events results in 1.9 million
people suffering disasters, 112 human deaths and a large economic loss
of > 10 billion RMB (Chen et al., 2012; Du et al., 2014). During July, 20
to 21, 2016, an extreme precipitation event occurred in BTH and
induced the amount of precipitation at 70 meteorological stations
exceeding 400 mm, resulting in disaster to 14.76 million people, 164
deaths, and 31.14 billion RMB in economic losses (Kang, 2017).
Therefore, it is of great significance for disaster prevention and mitiga-
tion to reveal the climate features and physical mechanism of extreme
precipitation in BTH as it could provide a theoretical basis for improving
forecast skill of weather extremes.

There are two definitions of extreme climate, one is based on the
definition of extreme index (Hartmann and Buchanan, 2014; Ning et al.,
2021), and the other is based on the definition of extreme value theory
(Seneviratne et al., 2012). Although the definition of extreme index
including relative threshold method has widely used in climate ex-
tremes, the chosen extreme precipitation events represent ‘the normality
of extreme values’ (Li and Yang, 2015) and are not enough to capture
the most extreme climate condition. In contrast, extreme value theory is
used to investigate more intense extreme events whose probability are
more extreme than any that have already been observed (Liu, 2022;
Coles, 2001). In this study, we therefore firstly apply the Generalized
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extreme value (GEV) method for exploring the spatio-temporal varia-
tions of summer extreme precipitation with multiple return periods in
BTH. Then, the regional summer extreme precipitation events in BTH
are divided into different types according to the spatial distribution by
K-means clustering method. Finally, the underlying mechanisms of
different types of extreme precipitation are investigated from the at-
mospheric circulation and moisture transport perspectives. However,
most of existing studies revealed underlying mechanism of extreme
precipitation by examining the physical processes of all extreme pre-
cipitation events as a whole, rather than performing cluster analysis.
Thus, our study is expected to get some new scientific insights for pre-
dicting extreme precipitation and taking effective measures to mitigate
the corresponding disasters in BTH region.

2. Data and method
2.1. Data

In this study, we mainly investigate the summer extreme precipita-
tion (June to August) during 1979 to 2020 in BTH region. The daily
precipitation on national meteorological stations in BTH is directly ob-
tained and downloaded from the website (http://10.226.89.55/cimi
ssapiweb/) developed by China Meteorological Administration (CMA).
To ensure the quality of the raw data, we firstly remove the national
meteorological stations with any three or more summers that have > 3
missing days and 172 stations are retained for the subsequent analysis
(Fig. 1). Notably, the urban areas have been marked in Fig. 1 to briefly
discuss the impact of urbanization on extreme precipitation events in
BTH. As shown in Fig. 1, we find that 32 stations are located in urban
areas and the proportion of urban stations to total stations is about
18.6%.

The ERAS hourly reanalysis data are used to investigate the under-
lying mechanism of extreme precipitation in BTH, which covers the
period from 1950 to now with the highest spatial resolution of 0.25° x
0.25° (Hersbach et al., 2020). We have obtained atmospheric variables
including surface pressure, 2 m temperature and horizontal wind, geo-
potential height, upper horizontal wind, vertical velocity, specific hu-
midity, and their derivative variables such as divergence, moisture flux
and moisture flux divergence. The pressure levels taking for the tropo-
spheric analysis are 1000 hPa, 925 hPa, 850 hPa, 800 hPa, 700 hPa, 600
hPa, 500 hPa, 400 hPa, 300 hPa, 250 hPa, 200 hPa, 100 hPa, 50 hPa. All
these variables are calculated to daily data by calculating averaged
value of 24-hourly data with the spatial resolution of 0.25° x 0.25°.

2.2. Methodology

In this study, the four models of GEV distribution theory including
one stationary and three non-stationary models are selected to identify
summer extreme precipitation events with 5-50 years return periods on
each station in BTH. Then, the long-term trends of the summer extreme
precipitation events with 5-50 years return periods are examined by the
Mann-Kendall test. Notably, we also define a method for identifying the
regional summer extreme precipitation event and thus a total of 43
regional summer extreme precipitation events with 5 years return
period are identified in BTH. According to the K-means clustering
method, the 43 events are divided into two types and finally the un-
derlying mechanisms of the two types of extreme precipitation are
investigated by the composite analysis method from the perspectives of
atmospheric circulations and moisture transport. The workflow chart of
the above methodology is shown in Fig. S1.

2.2.1. GEV distribution theory

Extreme value theory is an effective method to select extreme climate
events in the limited samples (Zwiers et al., 2011). As one of the most
important tools of extreme value theory (Liu, 2022), the GEV distribu-
tion theory has been widely used in statistical analysis of annual extreme
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Fig. 1. The map of Beijing-Tianjin-Hebei region (the purple filled area). The red filled areas in the right figure indicate urban areas and the solid dots (triangles)
representing the national meteorological stations located in non-urban (urban) areas. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

values’ series in meteorological, hydrological, and other fields (Coles,
2001). In detail, the GEV cumulative density function (CDF) is fitted the
annual extreme values distribution and the extreme climate are defined
when daily value is over (or below) some threshold in the upper (or
lower) tail of GEV CDF (Liu, 2022). The extreme climate events with any
return period of T are actually referred to daily meteorological observed
values over threshold determined by the probability of occurrence 1-1/
T on GEV CDF (Liu, 2022; Tu et al., 2022). The GEV CDF is shown as
below Eq. (1).
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eof -en(-#) Je-o

The GEV distribution is determined by the location parameter y;
scale parameter ¢ and shape parameter £ Assuming G(x) = 1 — p, the
extreme quantiles z, of the annual maximum distribution could be ob-
tained by inverting Eq. (2).
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2, is the return level associated with the return period 1/p, which is
expected on average once every 1/p years. More details can be found in
Coles (2001).

The GEV distribution is stationary when parameters p, ocand ¢ are
constants. In contrast, the GEV distribution is non-stationary if anyone
parameters y, o or ¢ is non-constant. The shape parameter is often stable
constant (Tu et al., 2022; Li and Zhou, 2015), and the location and scale
parameters 1,6 are respectively defined in Egs. (3)-(4), as follows (Tu
et al., 2022).

H,=ao+agt 3)
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Where, t is time variable. Four models could be fitted to the series of
annual precipitation maxima as below:

My : a1 = 0,4, =0, describing a stationary model.

M; : a1 # 0,6, = 0, describing a non-stationary model on the loca-
tion parameter.

M, : a1 =0,p; #0, describing a non-stationary model on the scale
parameter.

Ms : a1 # 0,5, # 0, describing a non-stationary model on both two

parameters.

In this study, the above four types of models (My—-M3) have been
tested on each station in BTH by the ismev package of R language
(Stephenson, 2018; Coles, 2001). To avoid multiple comparing the
maximum likelihood Ratio difference between each model, we use the
Akaike’s Information Criteria (AIC) to determine the optimum fitting
model (Tu et al., 2022). AIC (Akaike, 1974) is calculated by following
Eq. (5).

AIC(k) = 2nllh(k) + 2k (5)

Where, k is freedom degree of the model, nllh is negative loglikeli-
hood. The optimum fitting model is finally determined when the mode
has the minimal AIC.

The optimum fitting distribution judged by AIC on each station of
BHT is shown in Fig. S2. We find that the stationary model of My is the
most suitable model at 150 stations (87.2% of the total stations in BTH)
among the four fitted models, while the non-stationary model of M; and
M, are the most models at 14 stations (8.1%) and 8 stations (4.7%),
respectively. This also confirms again that stationary GEV distribution is
almost suit for fitting the series of the annual maximum daily precipi-
tation, which is consistent with previous analysis (Li and Zhou, 2015).

Then, we obtain the daily precipitation thresholds of 5-50 years
return periods on each national station according to the above chosen
GEV model. Referring to the definition of regional rainstorm provided
by China Meteorological Administration (Hong, 2020), a situation in
which the summer daily precipitation amounts at least 5% of the na-
tional stations in BTH region exceed their corresponding thresholds of 5
years return period on the same day is defined as the regional summer
extreme precipitation day. According to the definition method, a total of
43 regional summer extreme precipitation days are selected during 1979
to 2020 and you can find the details about these extreme precipitation
events in Table 1.

2.2.2. K-means clustering method

Clustering method is an unsupervised machine learning method
(Gao, 2020) for dividing data set into different groups, which makes the
characteristics between the same clusters as similar as possible and
makes the different clusters as different as possible (Darby, 2005; Jain
et al., 1999). K-means clustering method is widely applied in data sci-
ence as its conceptual and numerical simplicity, which organizes the
clusters based on the Euclidean distance to the centroid by pre-set
clustering number k and repeated iteration (Bernier et al., 2019). The
specific principle is presented by MacQueen (1967). The most important
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Table 1
The date of precipitation begining and the maximum recorded precipitation of
two types of summer extreme precipitation events in BTH.

Northeast precipitation (NEP) Southwest precipitation (SWP)

Date of The Region’s Date of The Region’s
beginning of maximum recorded beginning of maximum recorded
precipitation precipitation (mm) precipitation precipitation (mm)
1979/07/23 2339 1980/06/28 237.3
1981/07/03 195.5 1981/08/14 179.6
1982/07/24 207.1 1981/08/15 273.5
1984/08/09 291 1982/07/30 165
1985/08/24 170.6 1984/08/08 214.8
1986/06/26 179.3 1987/08/25 234.2
1988/07/17 156.3 1989/07/16 163.9
1988/07/20 184.5 1990/08/25 206.2
1991/07/27 263.4 1993/08/03 302.6
1994/07/12 208.7 1994/07/11 260.2
1994/08/12 224.5 1996/07/09 221.8
1995/07/28 163.9 1996/08/03 413.3
1996/08/04 164.4 1999/08/08 138.7
1998/07/05 155.7 2000/07/03 165.2
2011/07/24 129.9 2000/07/04 201.5
2011/07/29 146.2 2000/07/05 194.7
2012/07/20 289 2001/07/26 143
2012/07/21 366.7 2004/07/11 237.5
2013/07/14 147.7 2005/07/22 311.4
2016/07/19 307.2 2015/08/02 181.8
2018/07/23 199.8 2016/07/18 273.3
2019/07/28 116.8

step of K-means clustering method is to determine the optimal number
of clusters. In this study, Calinski-Harabasz index, also known as the
variance ratio criterion (VRC) (Calinski and Harabasz, 1974), is selected
to determine the optimal number of clusters as reaching the maximum
value of variance measurement ratio of homogeneity within a cluster to
heterogeneity between clusters (Chikumbo and Granville, 2019; fukasik
et al., 2016). The Calinski-Harabasz index VRC is defined in Eq. (6).
SSB N —k

VRC, = —

SSW k=1 (6)

Where, SSB and SSW are respectively the overall variance between-
clusters and the overall variance within-clusters as follows,

k
SSB="> " nillm; —m|? )
i=1

k
SSW =" |lx—m’ ®

=1 xeC;

Where, k is the number of clusters; N is the number of observa-
tions; n; is number of observations in cluster i; m; is the centroid of
cluster i; m is the mean value of sample data; ||m; — m|| is L? norm
(Euclidean distance); x is data point; ¢; is cluster i; ||x — m;|| is L* norm
(Euclidean distance) between the two vectors. In this study, the regional
summer extreme precipitation events in BTH are finally divided into two
clusters according to the Calinski-Harabasz index.

2.2.3. Calculation of water vapor budget

In order to explore the water vapor budget over the study region, we
calculate integral of the whole layer moisture (from surface to 50 hPa)
on the regional boundary (Li et al., 2019) as the net amount of water
vapor. We define the water vapor flux incoming-flowing to the study
region as positive amount and the water vapor flux out-flowing from the
study region as negative amount. Thus, the cumulative amount of
vertically integrated water vapor fluxes on the southern, northern,
western, eastern boundaries are represented as the total water vapor
budget over our study region, and the positive amount indicates
increasing moisture and the negative value indicates decreasing mois-
ture. The dimensions of the box constructed to calculate the inflow and
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outflow of moisture are from 113.25°E to 120°E, and from 36°N to
42.75°N. The detailed calculation formulas (Li et al., 2019) are shown

below. The net total water vapor budget (a) over our study region is
defined in Eq. (7).
0 =0 +0v+0w+ 0 %)

Where, Qs, Qn, Qw, Qg are the vertically integrated moisture
fluxes on southern, northern, western, eastern boundaries and are
respectively defined in Egs. (8)-(11),

RN
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Where, iy (4g) is the longitude of each grid on western (eastern)
boundary; ¢y (@) is the latitude of each grid on northern (southern)

boundary; a is the Earth radius; 6%7 aw, 6AW7 615 are the vertically
integrated moisture flux at each grid on the boundaries and the formula
of vertically integrated moisture flux is defined in Eq. (12),

1 /™
Q=- / qvd, 12)
gJp,

Where, q is the specific humidity; V is the horizontal wind; p; and p,
are respectively the surface pressure and the top layer (50 hPa).

2.2.4. Composite analysis method

The underlying physical mechanisms of two types of extreme pre-
cipitation are revealed and compared by investigating the composite
anomalies of precipitation-related synoptic variables. Referring to the
scheme on composite analysis in the previous studies (Luo et al., 2020;
Luo and Lau, 2017; Ning et al., 2021), the daily anomalies of each
synoptic variable are calculated by removing their climatological cycles
before the composite analysis. Firstly, we average the synoptic variable
at individual calendar days of the reference period of 1981-2010. Sec-
ondly, we perform a 31-day moving mean of the above averaged vari-
able to get the climatological cycle of each synoptic variable. Thirdly, we
calculate the daily anomalies of each synoptic variable by removing the
above climatological cycle. Finally, we obtain the composite anomalies
for each clustering type by averaging the daily anomalies of each vari-
able on all days during the extreme precipitation events in this cluster.
To guarantee statistical significance, we examine a significance test for
the composite anomalies by the one-sample two-tail Student’s t-test
(Cressie, 1980). The test statistic t is calculated by Eq. (13).

_X—H
"To/vn

Where X is sample average; 4 is the given mean; o, is sample standard
deviation; n is the number of values in the sample. The degree of
freedom is n-1.

The null hypothesis (Hy) is rejected if the p corresponding to t is less
than the statistical significance level a, which means the sample average
has obvious difference from the given mean. In this study, we procedure
Student’s t-test with sample size of 22 (21) on each station for Type NEP
(Type SWP).

13

2.2.5. Mann-Kendall (MK) test
The Mann-Kendall test is a non-parametric trend test method, which
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does not require the data to be normally distributed (Mann, 1945;
Kendall, 1975) and could search for a trend without identify whether the
trend is linear or nonlinear (Sang et al., 2014; Pingale et al., 2016). Thus,
we select the Mann-Kendall test to examine the long-term trends of
summer extreme precipitation frequency in BTH during 1979 to 2020.
There has independent distributed time series x(t) with the length of n
and the null hypothesis is that the series has no trend (Hp). The statistic S
in MK is defined in Eq. (14).

=303 sentx) () a9
With.
sgn(x(j) —x(i) ) = 1,x(j) — x(i) >
sgn(x(j) —x(i)) = 0,x(j) — x(i) = (15)
sgn(x(j) —x(1)) = —1,x(G) —x(1) < O

It has been found that the statistic S is approximately normally
distributed when n > 8 (Mann, 1945; Kendall, 1975) with the mean
E(S) = 0 and variance Var(S) as follows:

1
Var(S) = [n(n—l )(2n+5) — th > —1) (6 +5) 16)
Where t, is the number of data in the tied group and g is the number
of the tied groups.
The standardized MK test statistic Z can be estimated as follows:

—1)/\/Var(S),S>0

7= 0,§=0 a7)

S+ 1)/\/Var(S) $<0

A positive (negative) value of Z indicates an upward (downward)
trend. The null hypothesis of no trend (Hp) is rejected if Z > Z;_g,
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where «a is the statistical significance level.
3. Results

3.1. Climatology features of extreme precipitation with different return
periods

The GEV distribution theory is used to investigate the summer
extreme precipitation thresholds with 5-50 years return periods on each
meteorological station in BTH. The spatial distribution of extreme pre-
cipitation thresholds is depicted in Fig. 2. The extreme precipitation
thresholds with 5-50 years return periods overall exhibit consistent
spatial feature with a northwest-southeast increasing gradient distribu-
tion. Note that the high extreme precipitation thresholds especially with
> 20 years return period are more prominent in Beijing-Tianjin urban
areas than those in rural areas (Fig. 2c—f), indicating that tremendously
heavy precipitation events tend to occur in urban areas.

In addition, we also investigate the long-term trends of annual
summer extreme precipitation frequency. As shown in Fig. 3, it is
obvious that the summer extreme precipitation frequency exhibits
significantly increasing trends in most areas of BTH, especially for the
extreme precipitation with > 10 years return period in Beijing-Tianjin
and surrounding urban areas (Fig. 3c—f). On the contrary, the summer
extreme precipitation frequency with < 10 years return periods shows
significantly decreasing trends in the southern and northeastern BTH
(Fig. 3a-b). These results highlight that the long-term trends of annual
summer extreme precipitation frequency exhibit distinct spatial differ-
ences and are closely related to the return periods, i.e., summer extreme
precipitation in Beijing-Tianjin and surrounding urban areas becomes
more and more frequent and the changing trends of summer extreme
precipitation events with long-term return periods are more
pronounced.

Overall, it is noteworthy that both the summer extreme precipitation
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Fig. 2. The extreme precipitation thresholds (unit: mm) of (a) 5 years return period, (b) 10 years return period, (c) 20 years return period, (d) 30 years return period,
(e) 40 years return period, (f) 50 years return period calculated by GEV distribution theory on national meteorological stations. The solid dots (triangles) representing

the national meteorological stations located in non-urban (urban) areas.
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the national meteorological stations located in non-urban (urban) areas.

thresholds and the increasing trends of summer extreme precipitation
frequency with 5-50 years return periods are large in the Beijing-Tianjin
and surrounding urban areas, suggesting that the summer extreme
precipitation in the urban areas of BTH becomes stronger and more
frequent in the past 42 years with climate warming. These results
indicate that the urbanization may enhance the frequency and intensity
of summer extreme precipitation in BTH, causing serious harm to peo-
ple’s lives and property as the high population density and developed
economy in urban areas. Therefore, it is of great significance to inves-
tigate the climatology features and underlying physical mechanism of
summer extreme precipitation in BTH.

3.2. Clustering summer extreme precipitation according to its spatial
distribution

To comprehensively examine the climatology features and underly-
ing physical mechanism of summer extreme precipitation in BTH region,
the identified 43 regional summer extreme precipitation days with 5
years return period during 1979 to 2020 are clustered into two types by
K-means clustering method. There is obvious difference in the spatial
distribution among the two types of summer extreme precipitation, in
particular for the position of precipitation center and the details are
descripted as following. (1) Type NEP: the Northeast precipitation,
whose rainstorm center (daily precipitation amount > 50 mm) is located
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Fig. 4. Spatial distributions of the composite daily precipitation amount (unit: mm) of (a) Type NEP and (b) Type SWP. The boundary of BTH is indicated by the thick
purple outline. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in the northeast region of BTH (Fig. 4a). (2) Type SWP: the Southwest
precipitation, whose rainstorm center (daily precipitation amount > 50
mm) is located in the southwest region of BTH (Fig. 4b). Note that each
of the two types of summer extreme precipitation respectively accounts
for 51.2% and 48.8% of the total extreme precipitation days, indicating
that summer extreme precipitation events in BTH mainly consist by the
two types of extreme precipitation. The date of beginning occurrence
and the maximum recorded precipitation of two types of extreme pre-
cipitation are listed in Table 1.

3.3. Underlying physical mechanisms of two types of extreme
precipitation

3.3.1. Near-surface characteristics of two types of extreme precipitation
Fig. 5 depicts the spatial distributions of the anomalies of precipi-
tation, 2 m temperature, and surface pressure associated with the two
types of summer extreme precipitation in BTH. Combining Fig. 5 and
Fig. 4, we find that the spatial distributions of precipitation anomalies
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associated with Type NEP and Type SWP (Fig. 5a-b) are consistent with
their spatial distributions of precipitation (Fig. 4), exhibiting significant
positive anomalies of precipitation in most region of BTH. Note that the
precipitation centers with anomalies > 60 mm show distinct difference
between Type NEP and Type SWP, i.e., the precipitation center associated
with Type NEP is located in the northeastern coastal area of BTH (Fig. 5a)
while the center associated with Type SWP is located in the southwestern
BTH (Fig. 5b). Under the cooling effect of precipitation, significant
negative anomalies centers of temperature are also observed in the
northeastern and southwestern BTH for the summer extreme precipita-
tion of Type NEP and Type SWP, respectively (Fig. 5¢c—d). These result
about cooling effect of precipitation is similar to existing studies about 2
m temperature under extreme precipitation in other regions, such as in
arid Xinjiang of China (Ning et al., 2021).

We also examine the spatial distribution of the anomalies of surface
pressure associated with the two types extreme precipitation. In the case
of Type NEP, a significant strong anomalous low-pressure system and a
significant strong high-pressure system respectively cover over BTH and
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Fig. 5. Composite charts of the anomalies of precipitation (unit: mm), 2 m temperature (unit: K), and surface pressure (unit: hPa) associated with the two types of
summer extreme precipitation in BTH. The left and right columns respectively show the anomalies associated with Type NEP and Type SWP. The top, middle, and
bottom rows show the anomalies of precipitation, 2 m temperature, and surface pressure, respectively. Black scatter point indicates anomalies significant at the 0.05
level (two-tailed Student’s t-test). The boundary of BTH is indicated by the thick purple outline. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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oceanic region east of BTH (Fig. 5e), which induce convergence and
transport large moisture over the northeastern BTH, providing favorable
dynamical and moisture conditions for the occurrence and persistence of
the Type NEP extreme precipitation. In contrast, the centers of the
anomalous low-pressure system (high-pressure system) associated with
Type SWP are respectively observed over the southwestward (north-
eastward) BTH (Fig. 5f), which induce convergence over the south-
western BTH, transporting sufficient moisture.

3.3.2. Atmospheric conditions in the troposphere

In order to examine the underlying physical mechanisms of the two
types of summer extreme precipitation in BTH, the synoptic behaviors in
troposphere are also investigated from perspectives of atmospheric cir-
culations and moisture transport. The spatial distributions of the com-
posite anomalies of geopotential height and wind vector in the upper-,
middle-, and lower-troposphere associated with the two types of
extreme precipitation are presented in Fig. 6 and Fig. 7. As shown in
Fig. 6 and Fig. 7, the spatial distributions of the anomalies of
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geopotential height and wind vector exhibit obvious difference between
Type NEP and Type SWP.

In the case of Type NEP, the anomalous low-pressure (high-pressure)
system respectively covers over the west (east) of BTH, inclining east-
ward from the upper- to lower-troposphere (Fig. 6a, c, e). Notably, the
strong eastern anticyclonic anomaly blocks the eastward movement of
the western low-pressure anomaly in the middle- and lower-troposphere
(Fig. 6¢ and e). As a result, the region of BTH controlled by the low-
pressure system for a long time and thus triggering favorable dynamic
conditions such as convergence and updraft (Fig. 5e and Fig. 6e),
especially over the northeastern BTH. Moreover, the behaviors of the
wind vector anomalies correspond well to the geopotential height. As
shown in Fig. 7e, the anomalous southwesterly and southerly airflows
converge in the front of low vortex at 850 hPa and constitute an obvious
wind shear line, providing favorable dynamic conditions for the extreme
precipitation of Type NEP. Notably, the significant anomalous south-
westerly and southerly airflows are beneficial to transport a large
amount of water vapor from South China and west of BTH to the
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Fig. 6. Composite charts of the anomalies of geopotential height (unit: gpm) associated with the two types of summer extreme precipitation in BTH. The left and
right columns respectively show the anomalies associated with Type NEP and Type SWP. The top, middle, and bottom rows show the anomalies at 250-, 500-, and 850
hPa, respectively. Black scatter point indicates anomalies significant at the 0.05 level (two-tailed Student’s t-test). The boundary of BTH is indicated by the thick
purple outline. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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northeastern BTH (Xie and Ren, 2008; Zhou et al., 2008), supplying
sufficient moisture for triggering extreme precipitation of Type NEP. It is
noteworthy that under the effects of atmospheric circulations, a signif-
icant convergence center is observed in the lower-troposphere over the
northeastern BTH, especially between 700 hPa and 925 hPa (Fig. 8c and
e), while a significant divergence center appears in the upper-
troposphere over the northeastern BTH at 250 hPa (Fig. 8a). The verti-
cal distribution of lower-level convergence and upper-level divergence
centers plays a key role in inducing the strong ascending motion by
pumping action (Fig. 8a, c, e) (Huang et al., 2018a; Ahasan et al., 2013;
Hu et al., 2018; Zhao et al., 2019), providing favorable dynamic con-
ditions for triggering extreme precipitation of Type NEP.

Compared with Type NEP, atmospheric circulations in the upper- and
middle-troposphere associated with Type SWP is only affected by a
significant anomalous high-pressure system covering over the northeast
of BTH (Fig. 6b and d). In the lower-troposphere, it is noteworthy that
the anomalous low-pressure (high-pressure) system respectively covers
over the southwest (northeast) of BTH (Fig. 6f). Compared with the Type

NEP, the above two systems exhibit obvious differences in terms of their
spatial locations and the anomalous low-pressure system located over
the southwest of BTH becomes stronger from 850 hPa to surface (Fig. 6f
and Fig. 5f). The spatial distribution of the wind vector anomalies also
corresponds well to the geopotential height. In the lower-troposphere,
the inverted trough wind shear is observed at the northeast boundary
of the vortex system at 850 hPa (Fig. 7f) and could induce convergence
and updraft motion over southwestern BTH, providing favorable dy-
namic conditions for the extreme precipitation of Type SWP. In addition,
the anomalous southeasterly airflows could transport a large amount of
water vapor from South China and the Northwest Pacific to the south-
western BTH, supplying sufficient moisture for triggering extreme pre-
cipitation of Type SWP (Yan, 2013; Zhao et al., 2019). It is also
noteworthy that the vertical distribution of convergence and divergence
associated with Type SWP is consistent with that of Type NEP. In short,
the typical configuration of pumping action induced by the significant
convergence at 925 hPa and the significant divergence at 250 hPa
exactly corresponds to the position of rainstorm that located in the



J. Cong et al.

Atmospheric Research 302 (2024) 107304

250hPa Divergence anomaly

** N @ Type NERZ

b M

45 °N
35°N|

25°N

250hPa Divergence anomaly

(b) Type SWpZ*

e

700hPa Divergence anomaly

700hPa Divergence anomaly

55°N 24"
(¢) Type NEBZ

45°N
35°N |

25°N

(@TypeSWEA ™

925hPa Divergence anomaly

™

925hPa Divergence anomaly

55 ON —— : ,
¢) Type NERZ

45°N
35°N|

25°N

(DType SWEZ

N p

95°E 105°E 115°E 125°E 135°E (™))

Fig. 8. Composite charts of the anomalies of divergence (unit: s ™) associated with the two types of summer extreme precipitation in BTH. The left and right columns
respectively show the anomalies associated with Type NEP and Type SWP. The top, middle, and bottom rows show the anomalies at 250-, 700-, and 925 hPa,
respectively. Black scatter point indicates anomalies significant at the 0.05 level (two-tailed Student’s t-test). The boundary of BTH is indicated by the thick purple
outline. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

southwestern BTH, which strengthen the ascending motion for extreme
precipitation (Fig. 8b and f).

3.3.3. Moisture conditions associated with two types of extreme
precipitation

The key factors for triggering rainstorms include not only the strong
convective activity induced by atmospheric circulations but also suffi-
cient water vapor conditions. Thus, we also examine the vertically in-
tegrated moisture fluxes and the vertically integrated moisture transport
at four boundaries of BTH associated with the two types of extreme
precipitation to reveal the underlying mechanisms of summer extreme
precipitation in BTH from the perspective of water vapor. For the two
types of extreme precipitation, we find the transport and accumulation
of moisture over BTH are obviously modulated by the atmospheric cir-
culations as the spatial distribution of the anomalous vertically inte-
grated moisture fluxes (Fig. 9a and b) is similar to the spatial distribution
of wind vectors at 850 hPa (Fig. 7e and f). Notably, the significant
anomalous southerly airflows cover over the BTH for the both extreme
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precipitation types and thus strengthen the water vapor transport from
the southern boundaries of BTH to the precipitation centers (Fig. 9). As a
result, the incoming (outgoing) moisture transport exists at the southern
(northern) boundary of BTH for the both extreme precipitation types. In
addition to the observed similarities in moisture transport between the
two precipitation types, the differences observed are also obvious and
discussed as below.

In the case of Type NEP, under the effects of the western low- and
eastern high-pressure systems over BTH, the significant anomalous
southwesterly and southerly airflows strengthen the water vapor
transports from South China and west of BTH to the northeastern BTH.
As aresult, a large amount of moisture converges over northeastern BTH
(Fig. 9¢) by the two incoming channels of water vapor existing at the
southern (8.85 x 107kg/s) and western (2.88 x 107kg/s) boundaries of
BTH (Fig. 9a). Moreover, the intensity of incoming moisture transport is
much stronger than that of outgoing moisture transport existing at the
northern and eastern boundaries of BTH (Fig. 9a), resulting in about
5.15x107kg/s anomalous water vapor flux cumulating over the
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northeastern BTH (Fig. 9a and c) and corresponding to the precipitation
center of Type NEP. These results highlight that the atmospheric circu-
lation supplies sufficient moisture for the occurrence of Type NEP
extreme precipitation by modulating water vapor incoming and out-
going moisture transport channels.

Compared with the extreme precipitation of Type NEP, the spatial
distribution of water vapor transport associated with the extreme pre-
cipitation of Type SWP exhibits obvious differences. The strong anom-
alous of southerly (easterly) airflows (Fig. 7f) induced by the anomalous
low-pressure (high-pressure) systems respectively covering over the
southwest (northeast) of BTH (Fig. 6f), strengthening the water vapor
transports from southern (eastern) boundaries of BTH to the south-
eastern BTH (Fig. 9b). As a result, two incoming channels of moisture at
the southern (8.19 x 107kg/s) and eastern (1.8 x 107kg/s) boundaries
are observed in Fig. 9b. It is noteworthy that the total incoming moisture
is much larger that the outgoing moisture from the two moisture
transport channels at the northern and western boundaries of BTH
(Fig. 9b). Thus, the cumulative amount of anomalous water vapor flux
about 4.78x107kg/s from the four boundaries of BTH indicate net water
vapor inflows to BTH (Fig. 9b) and converge over southwestern BHT
(Fig. 9d) that corresponds to precipitation center. These results suggest
that the obvious differences in the incoming and outgoing channels of
moisture transport induced by atmospheric circulations play a key role
in determining the differences in the spatial distribution of the two types
of summer extreme precipitation in BTH.

3.3.4. Vertical structures associated with two types of extreme precipitation

To improve our understanding of the dynamic conditions for trig-
gering two types of extreme precipitation in BTH, the atmospheric
vertical structures in the troposphere are also examined. The composite
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vertical-zonal cross-sections of the anomalies of geopotential height and
vertical velocity averaged along the zone between 112.5° and 120.75°E
are depicted in Fig. 10. The vertical structure of atmospheric circulation
associated with Type NEP is shown in Fig. 10a and we find a significant
anomaly low-pressure (high-pressure) exist over BTH from surface to
600 hPa (from 600 hPa to 50 hPa). The lower-level (upper-level)
cyclonic system (anticyclonic system) respectively induce convergence
(divergence) in the lower-troposphere (upper-troposphere) and then
jointly trigger ascending motion over BTH. As a result, the significant
anomaly ascending motion is observed in the whole troposphere over
the northern BTH (Fig. 10c). It’s also noteworthy that the significant
anomaly descending motion is observed over the zone between 25° to
35°N in the south of BHT, which forms a vertical circulation structure
together with the anomaly ascending motion over BTH (Fig. 10c) and is
benefit to the maintaining of the ascending motion over BTH. These
results further highlight that the vertical structures of geopotential
height and vertical velocity in the troposphere provide favorable
dynamical conditions for the occurrence of Type NEP extreme precipi-
tation by enhancing convective activities with ascending motion.
Compared with Type NEP, a significant anomaly low-pressure (high-
pressure) system is also observed in the lower-troposphere (upper-
troposphere) (Fig. 10b) in Type SWP. In contrast, the lower-pressure
(upper-pressure) system respectively cover over the south (north) of
BTH. As a result, a convergent flow induced by the two synoptic systems
exists in the whole troposphere over the southern BTH, thus inducing
strong convective activities there. As shown in Fig. 10d, an anomalous
ascending air column is observed over the southern BTH, providing the
favorable dynamical conditions of triggering extreme precipitation in
the southwestern BTH. These results suggest that the obvious differences
in the vertical structures of geopotential height and vertical velocity in
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the troposphere also play a key role in determining the differences in the
spatial distribution of the two types of summer extreme precipitation in
BTH by modulating dynamical conditions.

4. Discussions

Summer extreme precipitation events are widely investigated and
most of current studies identify the extreme precipitation event by the
definition of precipitation indices including the relative threshold
method (Karl et al., 1999; Zhou et al., 2014; Sui et al., 2018; Dong et al.,
2021). The identified extreme precipitation events represent ‘the
normality of extreme values’ (Li and Yang, 2015) with relatively high
occurrence frequency (Liu, 2022)u and are not enough to capture the
most extreme precipitation condition. For example, the extreme pre-
cipitation events even identified by the 99th percentile relative thresh-
olds in wet climate area may also occur more than once per year (Dong
et al., 2021) and thus cannot depict the tremendously heavy precipita-
tion events. However, the tremendously heavy precipitation events that
occur every few years in BTH could exert serious damages to people’s
safety and cause huge economic losses (Nanding et al., 2020; Ren et al.,
2020; Huang et al., 2018b). To capture the most extreme precipitation
condition, we select the GEV distribution theory to identify summer
extreme precipitation in BTH and examine their long-term changes in
this study. We find that the regional summer extreme precipitation days
with > 10 years return period exhibit significantly increasing trends in
Beijing-Tianjin and surrounding urban areas, indicating that tremen-
dously heavy precipitation events tend to occur frequently in urban
areas and bring greater loss of life and finances to humanity. Therefore,
it is of great significance to investigate the underlying physical mecha-
nism of the tremendously heavy precipitation events in BTH.
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Currently, the underlying mechanisms of summer extreme precipi-
tation events are widely revealed by examining the physical processes of
all extreme precipitation events as a whole, rather than performing
cluster analysis (Ning et al., 2021; Huang et al., 2017). For instance, the
summer extreme precipitation in East China is affected by the weak
EASM and the southerly strong WPSH (Wang and Zhou, 2005; Qian
et al., 2009; Lu et al., 2004). However, the summer extreme precipita-
tion in North China is significantly modulated by the circulation pattern
of western low-pressure and eastern high-pressure system (Chen, 2012;
Liu et al., 2007), accompanying with water vapor transport by
strengthened EASM (Ding, 1992; Li and Zhou, 2015) and northward-
extended WPSH (Wang and Zhou, 2005). Notably, the spatial distribu-
tions of different summer extreme precipitation events in the same re-
gion also exhibit distinct differences and may be modulated by different
underlying mechanisms. In this study, the regional extreme precipita-
tion events in BTH are objectively divided into Type NEP and Type SWP
according to their spatial distribution and the diverse circulation pat-
terns and moisture transports for the two types of precipitation are also
revealed. For the Type NEP, the anomalous low-pressure (high-pressure)
systems respectively cover over the west (east) of BTH, which jointly
induce strong anomalous southwesterly and southerly airflows
converging over BTH. The converging airflows transport large amount
of water vapor to northeastern BTH and induce strong convection over
here, thereby triggering extreme precipitation of Type NEP. In contrast,
the extreme precipitation of Type SWP is characterized by the deep
(shallow) anomalous high-pressure (low-pressure) systems respectively
cover over northeast (southwest) of BTH. The spatial pattern of the two
systems induces strong anomalous southerly and easterly airflows and
transport large amount of moisture to southwestern BTH. These findings
highlight that extreme precipitation events in BTH, which belongs to the
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extratropical area are significantly affected by the spatial patterns of
atmospheric circulations and moisture transport. Notably, the link be-
tween atmospheric moisture transport and extreme precipitation at
global scale is examined by Gimeno-Sotelo and Gimeno, 2023. They
found that the relationship between moisture transport and extreme
daily precipitation is very weak or even negligible in tropical regions,
while the moisture transport strongly influences extreme precipitation
in extratropical regions (Gimeno-Sotelo and Gimeno, 2023). Thus, our
results are highly consistent with context of how moisture transport
affects extreme precipitation globally (Gimeno-Sotelo and Gimeno,
2023) and could provide evidence from the observational perspective.

5. Conclusion

In this study, we have selected the GEV distribution theory and K-
means clustering method to identify and examine the changes and un-
derlying mechanisms of summer extreme precipitation events in BTH.
The major findings are concluded as below. In BTH, summer extreme
precipitation days exhibit significantly increasing trends and the
increasing rates are more rapid in the urban areas than these in the rural
areas, indicating that summer extreme precipitation events become
more and more frequent and the urban areas face greater disaster risk of
rainstorm. Moreover, the regional summer extreme precipitation events
are divided into two types according to the spatial distribution by K-
means clustering method: Northeast precipitation (Type NEP) and
Southwest precipitation (Type SWP). Schematic diagrams of physical
mechanisms associated with the two types of summer extreme precipi-
tation in BTH are shown in Fig. 11. In the case of Type NEP, the

(a) Type NEP
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anomalous deep low-pressure (high-pressure) systems respectively
cover over the west (east) of BTH, which jointly induce strong anoma-
lous southwesterly and southerly airflows converging over BTH
(Fig. 11a). The converging airflows strengthen water vapor transports
from the western and southern boundaries of BTH and result in a strong
convection over northeastern BTH, thereby triggering Type NEP pre-
cipitation (Fig. 11a). Compared with Type NEP, the circulation pattern of
Type SWP is characterized by the deep (shallow) anomalous high-
pressure (low-pressure) systems respectively covering over northeast
(southwest) of BTH, which induce strong anomalous southerly and
easterly airflows converging over BTH, thereby strengthening the water
vapor transports from the southern and eastern boundaries of BTH and
finally resulting in a strong convection over southwestern region of BTH
(Fig. 11b).

Our study is critical to improve our understanding of the underlying
physical mechanism of summer extreme precipitation in BTH. These
findings lay a theoretical foundation for the improvement of extreme
precipitation forecast and provide scientific insights for preventing the
disaster caused by extreme precipitation over here.
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The authors regret they have identified an error in the Fig. 9.
The correct Fig. 9 should be as follow:
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Fig. 9. Composite charts of the anomalies of vertically integrated moisture fluxes (unit: kg/s ¢ cm) and vertically integrated moisture flux divergence (unit: kg/s e
cm?) associated with the two types of summer extreme precipitation in BTH. The left and right columns respectively show the anomalies associated with Type NEP
and Type SWP. The top and bottom rows show the anomalies of vertically integrated moisture fluxes and vertically integrated moisture flux divergence, respectively.
Black scatter point indicates anomalies significant at the 0.05 level (two-tailed Student’s t-test). The boundary of BTH is indicated by the thick purple outline. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

The authors would like to apologise for any inconvenience caused.
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