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Abstract: In this study, based on hourly ERA5 reanalysis data from July to September, from 1971 to
2020, for Shandong Province, we used mathematical statistical analysis, the Mann-Kendall nonpara-
metric statistical test, cluster analysis, and other methods to extract and analyze the spatiotemporal
variation characteristics and causes of typical extreme precipitation events. The results indicated the
following: (1) The total number and duration of precipitation events show a nonsignificant upward
trend, while the average and extreme rainfall intensities show a nonsignificant downward trend.
(2) Extreme precipitation events are primarily concentrated in Qingdao, Jinan, Heze, and Binzhou,
with fewer events occurring in central Shandong Province. (3) Extreme precipitation events are
classified into four types (namely, patterns I, II, III, and IV). Pattern I exhibits two rain peaks, with
the primary rain peak occurring after the secondary rain peak. Similarly, pattern II also displays
two rain peaks, with equivalent rainfall amounts for both peaks. In contrast, pattern IIl has multiple,
evenly distributed rain peaks. Finally, pattern IV shows a rain peak during the first half of the
precipitation event. Pattern I has the highest occurrence probability (46%), while pattern IV has
the lowest (7%). (4) The spatial distributions of the different rain patterns are similar, with most
being found in the eastern coastal and western regions. (5) Extreme precipitation events result from
interactions between large-scale circulation configurations and mesoscale convective systems. The
strong blocking situation and significant circulation transport at middle and low latitudes in East
Asia, along with strong convergent uplift, abnormally high specific humidity, and high-water-vapor
convergence centers, play crucial roles in supporting large-scale circulation systems and triggering
mesoscale convective systems.

Keywords: typical extreme precipitation; spatiotemporal variation; rainfall pattern; formation
mechanism; Shandong province

1. Introduction

Global climate warming is an undeniable reality and a significant environmental con-
cern that has attracted the attention of governments and scientific researchers worldwide.
Due to global warming, the water cycle has significantly changed, leading to significant
increases in the intensity and frequency of extreme precipitation events, which have signifi-
cantly impacted human society and economies. For example, from 2001 to 2020, the average
annual population affected by floods exceeded 100 million people in China, resulting in
a direct economic loss of CNY 167.86 billion [1]. In 2019, direct economic losses due to
floods in Shandong, Sichuan, Jiangxi, Hunan, and Heilongjiang Provinces accounted for
more than 65% of the total flood-related economic loss in China. Among these provinces,
Shandong Province experienced a direct economic loss of CNY 30.8 billion, amounting to
the greatest loss among 31 provinces (autonomous regions and municipalities) [2]. There-
fore, studying the spatiotemporal changes and underlying causal mechanisms of extreme
climate events has important scientific significance for formulating disaster prevention and
reduction strategies.
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The formation mechanism of extreme precipitation events has become a prominent
topic of discussion and research among experts and scholars globally, and important re-
search results have been obtained. The characterization of extreme precipitation changes
primarily involves conducting original and unconstrained model simulations at global,
continental, and subcontinental scales to project smaller future extreme precipitation events
with reduced uncertainty [3]. Additionally, satellite-based extreme precipitation regression
methods have been applied in Austria and three regions in the southeastern Mediter-
ranean with varying climatic conditions, demonstrating the outcomes under different
rain-gauge-density scenarios [4]. Furthermore, comparisons between the National Oceanic
and Atmospheric Administration’s Precipitation Frequency Atlas of the United States
(NOAA Atlas 14) and new precipitation records developed in the early 21st century are
used to evaluate changes in extreme precipitation features spatially and quantitatively [5].
Additionally, the Multi-Source Weighted Ensemble Precipitation (MSWEP) dataset is used
to compute the regression levels of extreme precipitation for various durations across the
global domain [6]. This approach is designed to allow the quantitative analysis of the spa-
tiotemporal patterns of extreme precipitation. The evolving nature of extreme precipitation
has been examined using the extreme precipitation index [7-13], and various methods
for modeling extreme precipitation changes have been assessed [14]. Furthermore, the
spatiotemporal evolution of extreme precipitation has been investigated by developing
an index system that considers both temporal and spatial dynamics [15-17]. Researchers
have explored the distribution patterns of extreme climate events, including precipitation
and temperature, and utilized geographical detector methods in conjunction with atmo-
spheric circulation factors to identify potential drivers of these patterns [18]. The analysis
of extreme precipitation events begins with conducting global climate model simulations
to study the impacts of these events. Researchers use global climate models to understand
how such events may change in the future [19-22]. Incorporating interannual climate vari-
ability as a time-varying covariate into nonstationary point process models using regional
climate indices, such as the Caribbean Low-Level Jet (CLLJ) index, the Oceanic El Nifio
Index (ONI), the representative El Nifio Southern Oscillation (ENSO), and the Atlantic
Multidecadal Oscillation (AMO) index, can help characterize climate drivers of extreme
precipitation in the Tempisque-Bebedero River Basin (TBRB), Costa Rica [23]. The complete
geographical and temporal spectra of ERA-5 reanalysis data and extreme value theory are
utilized to pinpoint areas where atmospheric moisture transport impacts daily extreme
precipitation [24]. By employing a substantial ensemble of community earth system models
and an optimal fingerprint method to distinguish the influences of various forcings on
extreme precipitation (EP) in the Northeast Atlantic and sea surface temperatures (SSTs)
in the North Atlantic during the period of 1929-2018, this study examines the influence
of internal variability and external forcing (including anthropogenic and natural factors)
on the growing significance of EP and SST [25]. This study focuses on the circulation
background, influencing systems, physical quantity fields of extreme precipitation weather
processes, and the backward trajectory characteristics of air parcels during precipitation
events [26-29]. Different levels of extreme precipitation events are categorized into var-
ious types based on large-scale circulation patterns [30-32]. This research explores the
connection between extreme precipitation events, atmospheric rivers (ARs), and moisture
contribution [33-37], using a moisture trajectory model to identify the primary moisture
source of precipitation. Additionally, coupled models are employed to compare findings
with Phase 6 of the project (CMIP6) model, analyzing various aspects such as the detection
and attribution of extreme precipitation events [38—41]. Current research on extreme precip-
itation changes and their causes primarily exhibits two key characteristics: (1) While global
analysis has shed light on the changing characteristics of extreme precipitation events from
various perspectives, there is a need for more in-depth study on the specific indices of
these events, particularly focusing on spatial and temporal distribution as well as rain
pattern characteristics. (2) Various methods such as global models, climate indices, circula-
tion backgrounds, and physical fields have been used to analyze the driving mechanisms
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of extreme precipitation events, but there is still a lack of understanding regarding the
differences between these mechanisms.

Therefore, the study presented in this article is based on hourly precipitation data
from July to September for Shandong Province from 1971 to 2020. Typical (>200 mm)
extreme precipitation events were extracted, the spatiotemporal distribution and rain
pattern characteristics of extreme precipitation events in Shandong Province were analyzed,
and the formation mechanisms and differences between typical extreme precipitation
events with different rain patterns were explored. The research results can provide a
scientific basis for flood disaster prevention and water resource management in the region
and offer a theoretical foundation for addressing global climate change.

2. Study Area, Data, and Methods
2.1. Study Area Overview

The geographical location of Shandong Province is 114°48'-122°42E and 34°23/-38°17'N
(Figure 1). It is located along the eastern coast of China and in the lower reaches of the Yellow
River, adjacent to the Bohai Sea in the northeast and the Yellow Sea in the east and southeast.
The onshore location of this area includes Hebei Province to the northwest, Henan Province
to the west, and Anhui and Jiangsu Provinces to the south. The width of the area from east to
west is approximately 721 km, while its length from north to south is approximately 437 km.
This region’s total land area is 15.58 x 104 km?, and its total sea area is 15.96 x 104 km?.
Additionally, the coastline measures 3024 km in length. Shandong Province, situated in the
East Asian monsoon region, has a warm temperate monsoon climate. This area is heavily
influenced by monsoons [42]. The rainy season in Shandong Province typically occurs from
July to September, with extreme precipitation events being most common during this time.
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Figure 1. Geographical location map of Shandong Province.

2.2. Data Sources

The climate data for the research area are from the European Center for Medium-Range
Weather Forecasting (ECMWF) and primarily consist of hourly ERA5 reanalysis data on
precipitation, geopotential, the wind U component, the wind V component, divergence,
vertical velocity, specific humidity, and water vapor flux divergence in Shandong Province
from July to September from 1971 to 2020. The precipitation data have a horizontal
resolution of 0.1° x 0.1°, while the other data have a horizontal resolution of 0.25° x 0.25°.

2.3. Method
2.3.1. Extraction of Extreme Precipitation Events

Extreme weather and climate events are commonly known as extreme events, and they
are characterized by their infrequent occurrence or rarity within a specific area, as defined
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by their statistical distribution. Extreme precipitation events meet these criteria and have a
significant impact on human society. Many methods utilize the percentile of a precipitation
event sequence to establish a threshold for extreme precipitation. For instance, precipitation
events that surpass the 95% or 99% percentile of a precipitation sequence are categorized
as extreme precipitation. In China, extreme precipitation events are collectively referred
to as rainstorms and usually refer to events in which the amount of precipitation exceeds
16 mm /hour and 30 mm for 12 consecutive hours or exceeds 50 mm for 24 consecutive
hours (from 20:00 on the previous day to 20:00 on the present day, Beijing time) [43,44].

To extract the most significant extreme precipitation events in the study area over
the last 50 years, the Chinese extreme precipitation algorithm was employed, building
upon existing research [45,46]. Five criteria were then re-evaluated and established to
select typical extreme precipitation events: (1) The precipitation duration is greater than
or equal to 24 h. (2) The total precipitation amount of each precipitation event is greater
than or equal to 200 mm. (3) During the entire precipitation process, the maximum daily
precipitation exceeds 170 mm (in cases where the daily precipitation is less than 170 mm,
more extreme precipitation events will be excluded). (4) The hourly precipitation in the
interval between two precipitation events is less than 0.1 mm. (5) Excluding the maximum
1 h precipitation amount, the average hourly precipitation is greater than 1 mm (to agree
with extreme precipitation events and avoid measuring prolonged bouts of light rain).
Based on the above criteria, a total of 41 typical precipitation events were extracted in this
study (Table 1). The selected extreme precipitation screening criteria in this study accurately
identify the most significant precipitation events that contribute to flood disasters while
effectively filtering out less-representative events, providing a scientific foundation for
researching extreme precipitation events in Shandong Province.

Table 1. Information on extreme precipitation events.

. Total Precipita- Precipitation . Total Precipita- Precipitation
Number Start Date Start Time tion/mm Duration/h Number Start Date Start Time tion/mm Duration/h
8 August . 6 August .
1 109 12:00 259 37 2 1001 6:00 251 43
20 August . 21 August i
2 o1 2:00 264 47 23 loo 10:00 230 39
23
3 September 12:00 256 37 24 19 fugust 13:00 234 36
997
1971
4 29 July 1973 21:00 256 28 25 21 g‘;%“s't 18:00 260 31
30 August . 30 August .
5 1975 17:00 217 32 2 00 2:00 274 47
6 12 fg‘;iu“ 7:00 265 0 27 29 July 2001 16:00 320 81
7 13 fgl;%““ 4:00 419 69 28 20 July 2003 12:00 264 37
8 4July 1977 17:00 263 2 2 28 ?O%%“St 16:00 230 33
9 9July 1978 2:00 307 71 30 2 July 2006 7:00 245 42
10 28 July 1980 14:00 231 35 31 4TJuly 2007 17:00 284 56
11 18 July 1983 2:00 463 95 32 21 July 2008 23:00 279 50
12 20 July 1984 13:00 239 36 33 7 ‘;&%‘St 3:00 371 46
13 23 July 1984 17:00 273 32 34 26 /2'\0‘;%““ 2:00 313 71
29 August . 6 September .
14 loss 5:00 284 47 35 D010 3:00 316 46
13 August . 10 August .
15 108 9:00 233 40 36 o 4:00 250 45
16 2 ‘?‘919‘551“ 2:00 366 47 37 23 July 2014 9:00 265 64
17 14 ?9‘;%““ 14:00 379 59 38 8 July 2018 7:00 232 ©
18 23 July 1991 23:00 239 50 39 10 gﬁ%““ 4:00 364 69
19 10 1\9‘;%““ 8:00 234 41 40 22 July 2020 15:00 225 34
31 August . 5 August .
20 195 16:00 222 33 41 P 6:00 320 43
21 3 August 23:00 412 50

1993
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2.3.2. Classification of Rain Patterns for Extreme Precipitation Events

According to the extreme precipitation screening criteria outlined in this article, a
total of 41 typical extreme precipitation events were extracted. The precipitation data
throughout the precipitation process were subjected to Ward’s hierarchical clustering
analysis to perform cluster analysis and classify the data into different rain patterns for
extreme precipitation events.

We divided each precipitation duration in m extreme precipitation events into equal
parts and calculated the percentage x of precipitation in each extreme precipitation event
period compared to the total precipitation. The m extreme precipitation events are repre-
sented as points in m rows and n columns, with each point having the coordinate x and
clustered using the Euclidean distance L as the similarity index:

Llxi %)) = /Y0 5 — 5,002 1)

In the formula above, x;(!) and x]-(l) represent the percentages of rainfall in the I-th
period at points i and j, respectively, with respect to the total rainfall of the event, for7,j =1,
2....mand/=1,2...,n.

In Ward’s hierarchical clustering analysis method, m points are assumed to form a
separate class. The Euclidean distance between two classes is calculated, and the two points
with the smallest distance are clustered into a new class. This process continues until the
number of classes is reduced to m—1, and the newly formed class is subsequently used
to calculate the Euclidean distance (L) from other classes to this class. According to the
principle of minimizing the sum of squares of the total intraclass deviations, clustering
is iteratively performed until the data are finally clustered into one class. The calculation
formula for the sum of the squared deviations, St, within a class is calculated as follows:

_ T _
si=y (0 -X") (0 -xY) @

In the above equation, Xj(t) is the spatial coordinate of the j-th point in class ¢, and

X" is the spatial coordinate of the center point in class ¢ [47]. To enhance the accuracy
of the cluster analysis and capture the precipitation characteristics of each rain pattern,
we divided each of the 41 extreme precipitation events into an average of 15 periods;
subsequently, these periods were considered to be a matrix with 41 rows and 15 columns.
Ward’s hierarchical clustering analysis method was used for classification, and the extreme
precipitation events that were selected were categorized into four distinct rainfall patterns.

2.3.3. Comparative Analysis of the Causes of Extreme Precipitation Events
(1) Comparison of the average situation field, average dynamic field, and average water
vapor field

To analyze the causes of extreme precipitation events, we selected representative
events for each rain pattern and compared and analyzed the climate driving fields (the
situation field, dynamic field, water vapor field, etc.) during the first hour of an extreme
precipitation event and the average of the precipitation events.

(2) Comparison of water vapor flux divergence

When calculating the water vapor flux, the single-layer water vapor transport flux
Q can be obtained as follows:

Q=qV/g
Qu=gqu/g 3)
Q,=9qv/g
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where V is the magnitude of the wind speed; u and v are the latitudinal and meridional
wind speed components, respectively, of each layer of the atmosphere; g is the specific
humidity of each layer of the atmosphere; and g is gravitational acceleration.

The following formula is used for calculating the water vapor flux divergence D:

_ 9Qu Qo
acosoA  adg

)

In the above equation, a is the radius of Earth, ¢ is the latitude, and A is the longitude [48].

2.3.4. Other Methods

The Spearman correlation coefficient was used to examine the correlation between
the total amount of precipitation and the duration of precipitation. The Mann-Kendall
trend and mutation test methods were used to analyze the trend changes and mutations in
the total precipitation duration, average rainfall intensity, and extreme rainfall intensity of
typical extreme precipitation events in Shandong Province. The average rainfall intensity
(total rainfall /rainfall duration) refers to the average hourly precipitation, while the extreme
rainfall intensity refers to the maximum hourly precipitation during a heavy precipitation
event at a given station [49].

3. Results and Analysis
3.1. Variation Characteristics of Typical Extreme Precipitation Events
3.1.1. Characteristics of the Changes in Total Precipitation

The total precipitation of typical extreme precipitation events in Shandong Province
generally exhibited a nonsignificant upward trend (Figure 2a). The precipitation event
that occurred on 18 July 1983, exhibited the highest total precipitation: 463 mm. The
precipitation event that occurred on 30 August 1973, exhibited the lowest total precipitation:
217 mm. The difference between the two precipitation events was 246 mm. Following a
thorough analysis of the differences, it was observed that there was a significant disparity in
the total precipitation between each extreme precipitation event. The Mann-Kendall (MK)
mutation analysis indicated that there was no clear mutation point in the total precipitation
data over the study period. The spatial distribution of total extreme precipitation is
primarily concentrated in the eastern coastal areas and in the northern, northwestern,
and southwestern regions of Shandong (Figure 2b). However, there are relatively fewer
occurrences of extreme precipitation in central Shandong. The total precipitation amount
from extreme precipitation events was highest in Qingdao, exceeding 1500 mm, followed
by Jinan, Binzhou, Heze, and other regions.

500

Q — Total precipitation linear(Total precipitation) b

400 -
y =0.0761x +281.42 r
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Total precipitation (mm >
I
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150 I I I I I I I I I | 1500
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Figure 2. Typical extreme precipitation total amount trend map (a) and spatial distribution map (b) of
Shandong Province (1971-2020).



Remote Sens. 2024, 16, 1283

7 of 23

3.1.2. Characteristics of Precipitation Duration Variation

The duration of extreme precipitation events in Shandong Province generally exhibited
a nonsignificant upward trend in precipitation (Figure 3a). The precipitation event that
occurred on 18 July 1983, had the longest precipitation duration: 95 h. The extreme precipi-
tation event that occurred on 29 July 1973, had the shortest precipitation duration: 28 h. The
time gap between the two precipitation events was 67 h. Following a thorough analysis,
there was a significant difference in the duration of precipitation between each extreme
precipitation event. The MK mutation analysis revealed that there were no significant
mutation points in the duration of precipitation throughout the study period. The corre-
lation coefficient between total precipitation and precipitation duration after detrending
was 0.71, which indicates a significant correlation at the 99% confidence level. This strong
correlation suggests a positive relationship between the total precipitation and duration.
The spatial distribution of the duration of extreme precipitation is similar to that of total
precipitation (Figure 3b). The total duration of extreme precipitation events in Qingdao and
Linyi exceeded 180 h, while the duration of extreme precipitation events in Jinan, Yantai,
and Heze exceeded 150 h.

100

Q — Precipjtation duration linear(Precipitation duration) b N N

o
S
T

y=0.1732x +43.071

=
S
T

Precipitation duration (h)

L

Precipitation duration/h
i)
B
' jm— ] l§
’ 0 50 100 km 8

Figure 3. The typical extreme precipitation duration trend (a) and spatial distribution (b) in Shandong
Province (1971-2020).
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3.1.3. Characteristics of the Changes in the Average and Extreme Rainfall Intensities

The analysis of the average rainfall intensity and extreme rainfall intensity of typical
extreme precipitation events in Shandong Province revealed: the average rainfall intensity
(9.14 mm/h) was greatest for the precipitation event that occurred on 29 July 1973. The
average rainfall intensity (3.96 mm/h) of the precipitation event that occurred on 29 July
2001 was the lowest. The difference between the two events was 5.18 mm/h (Figure 4a).
Following a thorough analysis of this significant difference, there was a significant disparity
in the average rainfall intensity between each extreme precipitation event. The analysis of
average rainfall intensity during extreme precipitation events over the past 50 years reveals
a marginal and statistically downward trend. Although the total amount of extreme pre-
cipitation has increased, the magnitude of the increase in precipitation duration is greater,
resulting in a slight decrease in the average rainfall intensity. The spatial distribution of
average rainfall intensity is primarily concentrated in the northern, northwestern, south-
western, and eastern coastal areas of Shandong, and the average rainfall intensity is less
evenly distributed in central Shandong. The average rainfall intensity in the Dongying,

Dezhou, and Heze areas is above 9 mm/h, with Qingdao and other areas having similar
values (Figure 4b).
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Figure 4. Typical extreme rainfall intensity trend map (a), average rainfall intensity spatial distribution
map (b), and extreme rainfall intensity spatial distribution map (c) of Shandong Province (1971-2020).

Average rainfall intensity mm/h

The highest extreme rainfall intensity (30.09 mm/h) was associated with the precipi-
tation event that occurred on 3 August 1993. The extreme rainfall intensity (8.62 mm/h)
of the precipitation event that occurred on 30 August 1973 was the lowest. The difference
between the two events was 21.47 mm/h (Figure 4a). Following a thorough analysis of this
significant difference, it was observed that there was a significant disparity in the extreme
rainfall intensity between each extreme precipitation event. According to the MK trend
analysis, the extreme rainfall intensity of typical extreme precipitation events has been
relatively stable over the past 50 years. The spatial distribution of the extreme rainfall
intensity mainly includes northwestern Shandong Province and other regions, with the
extreme rain intensity in Dezhou and Jinan exceeding 30 mm/h (Figure 4c). The intensities
of the extreme precipitation events that occurred on 29 July 1973 and 3 August 1993 were
relatively high, while the intensities of the extreme precipitation events that occurred on
29 July 2001 and 30 August 1973 were relatively low.

3.1.4. Start Time Characteristics

The start time of extreme precipitation events in Shandong Province shows two peak
periods (Figure 5a). The highest frequency of precipitation events occurred at 2:00 and
17:00, with six and four occurrences, respectively. The frequency of precipitation events
was lowest at 0:00, 1:00, 11:00, 19:00, 20:00, and 22:00, while the distribution of precipitation
events was relatively uniform at other times. The distribution frequency of extreme precipi-
tation events was greater during the day than at night. This difference can be attributed
to the higher temperatures during the day, which lead to increased evaporation and a
greater amount of water vapor rising in the lower levels of the atmosphere; additionally,
the water vapor condenses and forms precipitation [50]. The spatial distribution of extreme
precipitation events occurring from 0:00 to 5:00 was relatively uniform. Precipitation events
occurring from 6:00 to 11:00 and 18:00 to 23:00 were mainly distributed in the northern,



Remote Sens. 2024, 16, 1283

90f23

northwestern, and southwestern regions of Shandong, while precipitation events occurring
from 12:00 to 17:00 were mainly distributed in the southwestern, southern, and eastern
coastal areas of Shandong (Figure 5c). Based on the topographic characteristics of Shandong
Province, the southwestern, southern, and eastern coastal areas are characterized by plains,
low mountains, and hilly terrain, respectively. These features enable summer monsoon
penetration into the area, which brings an abundant amount of water vapor, and the tem-
perature tends to increase in the afternoon, resulting in strong convective movements and
frequent occurrences of extreme precipitation events. On the other hand, the northern and
northwestern parts of Shandong Province, which are shielded by the central Shandong
mountainous area, are less influenced by the summer monsoon; thus, extreme precipitation
is more likely to occur during the morning and night in these areas [50].
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Figure 5. Statistical chart of the typical extreme precipitation start time (a), statistical chart of the
rainstorm start time (b), spatial distribution map of the precipitation start time (c), and spatial
distribution map of the rainstorm start time (d) in Shandong Province (1971-2020).

The peak period of the start time (i.e., the rainstorm start time) of extreme precipitation
events wherein the precipitation exceeds 30 mm for 12 consecutive hours occurred from
17:00 to 19:00 and accounted for 34% of the total frequency of typical extreme precipitation
events. The occurrence frequency of precipitation events was the lowest at 0:00, 8:00,
14:00, and 23:00, while the distributions at other times were relatively uniform (Figure 5b).
Rainstorm start times typically occur in the afternoon and at night according to an analysis
of the air flow characteristics. In the afternoon, as the ground temperature increases, the
air layer near the surface becomes unstable, and air in the atmosphere rises, generating
thermal convection. This upward movement of air in the atmosphere causes moist air to
encounter colder temperatures, resulting in rainfall formation [50]. Extreme precipitation
events with rainstorm start times ranging from 0:00 to 5:00 are mainly distributed in the
northern, northwestern, and other regions of Shandong Province. Precipitation events
with start times ranging from 6:00 to 11:00 and 12:00 to 17:00 are mainly distributed in
the western, southwestern, southern, and eastern coastal regions of Shandong Province.
The regional distribution of precipitation events with start times ranging from 18:00 to
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23:00 was relatively uniform (Figure 5d). Considering the latitude, sea and land locations,
topography, and atmospheric circulation characteristics of Shandong Province, it could
be gleaned that the western, southwestern, and southern parts of Shandong Province, as
well as the eastern coastal areas, are characterized by plains, low mountains, and hilly
terrains. These geographical features contribute to the process of evapotranspiration in
the region. In addition, the southwestern, southern, and eastern coastal areas of Shandong
Province receive abundant amounts of water vapor from the summer monsoon, which
creates favorable conditions for rainstorms to occur. Another factor is the influence of
weather systems. During the day, when the temperature is high, water vapor evaporates
rapidly, leading to active convection movement and the occurrence of intense precipitation
events. The mountainous areas in central Shandong Province prevent the summer monsoon
from penetrating deeply into the northern and northwestern areas of Shandong Province.
As a result, extreme precipitation occurs mostly at night [50].

3.1.5. Spatial Distribution of the Extreme Precipitation Frequency

The spatial distribution of extreme precipitation events can indicate the overall distri-
bution of heavy precipitation in Shandong Province. These extreme precipitation events
are mainly distributed in areas such as the eastern coast and western Shandong Province.
However, these events occur less frequently in central Shandong Province (Figure 6). The
extreme precipitation events in Qingdao, Jinan, Binzhou, and Heze account for 32% of the
total extreme precipitation events. Central Shandong Province is characterized by a large
mountainous area and rugged terrain. Due to its topography, the summer monsoon cannot
easily penetrate deep into the interior, resulting in low water vapor content; thus, extreme
precipitation events occur less frequently in central Shandong Province.

Extreme precipitation/time
| - 4
2
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Figure 6. Typical extreme precipitation frequency distribution in Shandong Province (1971-2020).

3.2. Extreme Precipitation Characteristics of Different Rainfall Patterns
3.2.1. Rain Pattern Classification and Its Characteristics

By employing Ward'’s hierarchical cluster analysis, extreme precipitation events can be
categorized into four distinct types of rain patterns (Figure 7): I (factory shape), II (square-
root shape), III (wave shape), and IV (spoon-shaped buckle). The pattern I precipitation
process exhibits two rain peaks: the primary rain peak occurs after the secondary rain peak,
when the precipitation during the primary rain peak exceeds 10 mm, while the secondary
rain peak corresponds to a smaller amount of precipitation and is characterized by a shape
resembling a “factory”. The pattern II precipitation process also exhibited two rain peaks,
and the precipitation amounts of these peaks were equal and had a shape resembling a
“square root”. The pattern III precipitation process exhibits multiple rain peaks that are
evenly distributed and shaped like a “wave”. The pattern IV precipitation process exhibits
a peak in precipitation, which occurs during the first half of the precipitation period. The
precipitation intensity at this peak exceeds 14 mm. In the second half of precipitation, the
amount of precipitation decreases, forming a shape resembling a “spoon-shaped buckle”.
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Rain pattern I accounts for the largest proportion (46%), followed by rain pattern II (29%),
and rain pattern III accounts for 17%, while rain pattern IV accounts for the smallest
proportion (7%). Rain patterns I, II, and III exhibit multiple rain peaks, and the primary
peak of precipitation for rain patterns I and III is generally lower than that of rain patterns
II and IV. Additionally, the duration of precipitation for rain patterns I and II is shorter than
that for rain patterns III and IV [47].
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Figure 7. Classification of the different rain patterns of typical extreme precipitation events in
Shandong Province from 1971 to 2020 ((a) rain pattern I, (b) rain pattern II, (c) rain pattern III, and
(d) rain pattern IV; color line: precipitation process of extreme precipitation events).

The changing characteristics of each precipitation event in Shandong Province were
analyzed by examining the characteristic values of the different rain patterns of the extreme
precipitation events (Table 2).

Table 2. Statistics regarding the characteristic values of the different rain patterns in
Shandong Province.

Rainfall Patt Maximum  Minimum R Average Standard Coefficient

ainiall Yattern Value Value ange Value Deviation of Variation
Pattern [ 319.89 230.03 89.86 254.77 22.16 0.09

(factory shape)
Pattern II 370.60 216.64 153.96 269.83 5431 0.20
(square-root shape)
Pattern III 462.68 264.54 198.14 35423 72.75 0.21
(wave shape)

Pattern TV 411.68 313.38 98.30 348.50 54.83 0.16

(spoon-shaped buckle)

Pattern I. By analyzing the characteristic values of extreme precipitation events for
different rain patterns, we found that rain pattern I has the lowest values among the four
rain patterns: maximum precipitation amount (319.89 mm), range (89.86 mm), average
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(254.77 mm), standard deviation (22.16 mm), and coefficient of variation (0.09). This pattern
of rainfall is mainly concentrated in the later period, and there is a slight difference in the
changes in the various precipitation events.

Pattern II. This pattern’s minimum total precipitation (216.64 mm) is the lowest among
the four rain patterns. Its standard deviation (54.31 mm) is similar to that of rain pattern
IV but is greater than that of rain pattern I. Additionally;, its coefficient of variation (0.20)
is greater than that of rain patterns I and IV. This rain pattern exhibits a sharp decrease
after a high peak in the early stage and a sharp increase in rainfall in the later stage, with
significant differences in the changes in the various precipitation events.

Pattern IIl. Among the four rain patterns, the maximum (462.68 mm), range (198.14 mm),
average (354.23 mm), standard deviation (72.75 mm), and coefficient of variation (0.21) of
the total precipitation are the highest for this pattern. This rain pattern exhibits different
peaks during different periods, resembling a wave, with significant variations in the different
precipitation events.

Pattern IV. This pattern’s minimum value of total precipitation (313.38 mm) is the
highest among the four rain patterns. Its coefficient of variation is 0.16, which is higher
than that of rain pattern I. Importantly, this rain pattern exhibits only one peak period,
which occurs during the early stage of rainfall.

There are some variations in the characteristic values of the different precipitation
events. Among the four rain patterns, pattern III had the highest values for the maximum,
range, average, standard deviation, and coefficient of variation, indicating the largest
variation difference. In contrast, rain pattern I exhibited the lowest values for the maximum,
range, average, standard deviation, and coefficient of variation among the four rain patterns,
indicating the smallest change difference. The difference between rain pattern Il and rain
pattern IV lies between these two patterns.

3.2.2. Spatial Distribution of the Different Rain Patterns

The spatial distribution of the different rain patterns of extreme precipitation events
provides insight into the overall impact of each rain pattern on Shandong Province
(Figure 8). Rain pattern I is primarily distributed in Qingdao, Jinan, Linyi, and Heze,
accounting for 36% of this rainfall pattern; rain pattern II is predominantly found in
Binzhou, Dongying, Liaocheng, Jinan, Heze, Weihai, and Qingdao, with a frequency of up
to two times that in the Weihai area; rain pattern III is mainly distributed in Binzhou, Jinan,
Heze, Linyi, Zaozhuang, Qingdao, and Yantai, with a frequency of up to two times that in
the Linyi area; and rain pattern IV is largely distributed in Dezhou, Yantai, and Weihai.
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Figure 8. Cont.
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Figure 8. Typical extreme precipitation frequency distributions of the different rain patterns in

Shandong Province from 1971 to 2020 ((a) rain pattern I, (b) rain pattern II, (c) rain pattern III, and
(d) rain pattern IV).

3.2.3. Analysis of the Occurrence Times of the Different Rainfall Patterns

The occurrence times of extreme precipitation events vary among the different rain
patterns. The frequency of extreme precipitation is influenced by factors such as monsoons
and sea temperature anomalies. The summer monsoon in the tropical ocean supplies water
vapor for precipitation in Shandong Province, while the northwest monsoon in the subarctic
zone contributes to precipitation in this region. El Nifio/La Nifia events are phenomena
resulting from abnormal increases in sea surface temperatures in the Eastern and Central
Pacific, along with large-scale air-sea interactions. These events manifest as cold-phase La
Nifia events and warm-phase El Nifio events, both of which can impact precipitation in
Shandong Province [51]. The largest number of precipitation events occurred in the 1970s
(24%), the smallest number occurred in the 2010s (15%), and the remaining years exhibited
similar numbers; extreme precipitation events in the rainy season are predominantly
observed in July and August, accounting for 56% and 39% of the events, respectively, while
September accounts for only 5%. Years and months with more extreme precipitation are
significantly influenced by the summer monsoon, while SST anomalies are not readily
apparent. Conversely, years and months with less extreme precipitation are less impacted
by the summer monsoon but exhibit noticeable SST anomalies. The greatest diversity
of rainfall patterns occurred in the 2000s. Rain pattern I was mainly observed in the
1970s-1990s, appearing 4-6 times. Rain pattern II mainly occurred in the 1990s-2000s,
appearing 3—-4 times. Rain pattern III did not appear in the 1990s and had a relatively
even occurrence of 1-2 times. Rain pattern IV occurred 1-2 times in the 1990s-2000s but
not in other years (Figure 9a). The precipitation patterns are most prominent in July and
August, with all four rain patterns being present, while only rain patterns I and II appear
in September (Figure 9b). Years and months with higher levels of rainfall are significantly
influenced by the summer monsoon and northwest monsoon. Sea temperature anomalies
do not appear to have a clear impact, leading to more frequent occurrences of precipitation
events with varying rain patterns.

3.3. Analysis of the Causes of Typical Extreme Precipitation Events

The occurrence of typical extreme precipitation events in Shandong Province is influ-
enced by a variety of factors. These mesoscale phenomena are caused by the interaction of
multiple weather systems at different scales [52]. In this article, we examine the impacts
of various factors, such as geopotential height, the wind U component, the wind V com-
ponent, divergence, vertical velocity, specific humidity, and water vapor flux divergence,
on different rain patterns considering weather dynamics. The formation mechanisms of
different rain patterns are analyzed by considering the large-scale circulation background
and mesoscale circulation conditions.
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Figure 9. Statistical chart of the typical extreme precipitation in the year of occurrence (a) and monthly
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time of occurrence (b) for the different rain patterns in Shandong Province from 1971 to 2020.

3.3.1. Comparative Analysis of the Average Situation Fields of the Different Rain Patterns
against the Background of Large-Scale Circulation

Based on the large-scale circulation background, the mid-level height field and low-
level wind field [31] can be used to effectively illustrate the circulation characteristics
of various rain patterns during extreme precipitation events in Shandong Province. To
characterize the average situation field conditions [26] in Shandong Province, an analysis
was conducted on the average physical quantities of the geopotential height and the U and
V components of wind (Figure 10).

Pattern I (southwest low-pressure cyclone-Western Pacific subtropical high-pressure
anticyclone-mid-latitude cyclone). In the 500 hPa height field, the South China Sea was
identified as a low-pressure center, while the Western Pacific subtropical region was identi-
fied as a high-pressure center. Corresponding to the 850 hPa wind field, there is distinct
cyclonic circulation in the South China Sea, anticyclonic circulation in the Western Pacific
subtropical region, and a cyclone at mid-latitudes in Northeastern China. This results in
the formation of a strong double-blocking circulation [41], with evident blocking patterns
developing and persisting at middle and low latitudes in East Asia [53]. The formation
and maintenance of the blocking high pressure and cutoff low pressure disrupt normal
westerly circulation, preventing upstream fluctuations from propagating downstream and
blocking the movement of cyclones and anticyclones on the ground; this circulation event
is referred to as a blocking situation. There are two main types of circulation transport.
The first is influenced by the subtropical high pressure in the Western Pacific, and the
airflow moves northward along the high-pressure ridge from the southwestern side. The
second is the convergence of the cross-equatorial airflow originating from the South China
Sea low-pressure trough near 105°E in the southern part of the Bay of Bengal, with the
southeastern airflow traveling through the South China Sea toward the north; these two
airflows meet and are transported northward together. Furthermore, it is also influenced by
the presence of mild mid-latitude cyclones in Northeastern China, which form large-scale
circulation conditions for extreme precipitation events (Figure 10a).

Pattern II (low-pressure trough—tropical cyclone (typhoon type)-Western Pacific sub-
tropical high pressure-anticyclone). The 500 hPa height field across Shandong Province
exhibits a low-pressure trough, while the Western Pacific subtropical region is characterized
by a high-pressure center. The 850 hPa wind field across Shandong Province exhibits trop-
ical cyclonic circulation, while the Western Pacific subtropical area displays anticyclonic
circulation; this pattern is reminiscent of double-blocking circulation [41]. This circulation
occurs as a result of the southeastern airflow from the southwestern side of the Western
Pacific subtropical high, which combines with the southeastern airflow from the Bay of
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Bengal and the South China Sea; then, this combined airflow moves northward, creating
circulation conditions (Figure 10b).
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Figure 10. Extreme precipitation average in the field for the different rain patterns in Shandong
Province from 1971 to 2020 ((a) rain pattern I, (b) rain pattern II, (c) rain pattern III, and (d) rain
pattern IV; shadow: 500 hPa height field, unit: gpm; arrow: 850 hPa vector wind field, unit: m/s;
A: anticyclone, and C: cyclone).

Pattern III (due-south cyclone-Western Pacific subtropical high pressure-northeast
low-pressure shallow trough—cyclone-mid-latitude anticyclone). In the 500 hPa height
field, the Western Pacific subtropical area is characterized by a high-pressure center, while
at mid-latitudes in Northeastern China there are low-pressure shallow troughs. In relation
to the 850 hPa wind field, cyclonic circulation occurs in southern Shandong Province and
at mid-latitudes in Northeastern China, and anticyclonic circulation occurs at mid-latitudes
in Mongolia. These types of circulation are less notably affected by the subtropical high
pressure in the Western Pacific; they occur as a result of the southeastern airflow passing
through the Bay of Bengal and the South China Sea and intersecting with the northeastern
cyclonic airflow moving southward along the northeastern low-pressure shallow trough
(Figure 10c).

Pattern IV (southwest low-pressure trough—cyclone-northeast low-pressure cyclone—
mid-latitude cyclone). In the 500 hPa height field, there is a low-pressure trough located
in southwestern Shandong Province and a low-pressure center in Northeastern China
along the west coast of the Pacific Ocean. The 850 hPa wind fields in southwestern
Shandong Province, Northeastern China, and at mid-latitudes in Mongolia all exhibit
cyclonic circulations. These circulations are influenced by cutoff low pressure, resulting in
the formation of a single-block circulation pattern [31]. This circulation is primarily caused
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by the southwestern airflow flowing through the Bay of Bengal and being transported
northward through the southwestern low-pressure trough (Figure 10d).

There are significant differences in the circulation configurations of the different
rain patterns. Patterns I and II are both characterized by double-blocking circulation,
with pattern I exhibiting a stronger blocking effect, while pattern IV is single-blocking
circulation. As a result, patterns I and II both exhibit two rain peaks, with the main rain
peak in pattern I generally being lower than that of pattern II; pattern IV exhibits only a
single rain peak. Patterns I, II, and III are influenced by the Western Pacific subtropical high;
although pattern III is comparatively less affected by it, all three patterns exhibit multiple
rain peaks. The East Asia region, including Shandong Province, has four major circulation
pathways [53] that contribute to the availability of abundant water vapor conditions for
extreme precipitation. The circulation routes of patterns I and II are identical and occur
due to the southeastern airflow on the southwest side of the Western Pacific subtropical
high. This airflow intersects the southeastern airflow moving through the Bay of Bengal
and the South China Sea, resulting in continuous northward transport. Pattern III forms
when the southeastern airflow passes through the Bay of Bengal and the South China Sea
converges with the northeastern cyclonic airflow moving southward along the northeastern
low-pressure shallow trough. Pattern IV mainly originates from the southwestern airflow
that passes through the Bay of Bengal and is subsequently carried northward along the
southwest low-pressure trough. Therefore, the durations of the precipitation of patterns I
and II are shorter than those of precipitation for patterns III and IV. The strong blocking
situation [53] and significant circulation transport at middle and low latitudes in East Asia
create the conditions necessary to support large-scale circulation systems.

3.3.2. Comparative Analysis of the Average Dynamic Fields of the Different Rain Patterns
in Mesoscale Convective Systems

The convergence and uplift mechanism of extreme precipitation centers play crucial
roles in initiating mesoscale convective systems. To characterize the dynamic field con-
ditions [26] in Shandong Province, an analysis was conducted on the average physical
quantities of the average divergence and vertical velocity at various pressure levels. These
pressure levels include 100 hPa, 200 hPa, 500 hPa, 700 hPa, 850 hPa, and 925 hPa (Figure 11,
three representative pressure levels were selected for six pressure levels).

Pattern I. Over extreme precipitation areas, the divergence field exhibits a maximum
divergence center at 500 hPa, with a central value of 5 x 107 s~ 1: a maximum convergence
center occurs at 700 hPa, with a center value of —6 x 10~° s~1; and the maximum upward
movement center near the 700 hPa vertical field has an intensity of 4 Pa-s~!. The concepts
of low-level convergence and high-level divergence are relatively weak. The overall
movement tends to be weak upward [54], and the movement centers are mainly distributed
across areas such as Dongying and Jining (Figure 11al,b1,cl).

Pattern II. The divergence field exhibits a maximum divergence center at 200 hPa, with
a central value of 10 x 107® s~1; a maximum convergence center occurs at 925 hPa, with
a center value of —13 x 107 s7!; and the maximum upward movement center near the
700 hPa vertical field has an intensity of 7 Pa-s~!. The structures of low-level convergence
and high-level divergence are conducive to the formation and development of upward
movement. The movement centers are mainly distributed across Qingdao, Weifang, and
Rizhao (Figure 11a2,b2,c2).

Pattern III. The divergence field exhibits a maximum divergence center at 500 hPa,
with a central value of 6 x 107® s~1; a maximum convergence center is apparent at 700 hPa,
with a center value of —9 x 107° s~!; and the maximum upward movement center near
the 850 hPa vertical field has an intensity of 4 Pa-s~!. The rising movement centers are
primarily distributed across areas such as Zaozhuang (Figure 11a3,b3,c3).

Pattern IV. The divergence field exhibits a maximum divergence center at 200 hPa,
with a central value of 19 x 107® s~!; a maximum convergence center is apparent at
925 hPa, with a center value of —11 x 107° s~ !; and the maximum upward movement
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center near the 850 hPa vertical field has an intensity of 6 Pa-s~!. Over areas experiencing
extreme precipitation, there is more high-level divergence than low-level convergence,
and the establishment of suction mechanisms is conducive to the maintenance of upward
motion [54]. The movement centers are mainly distributed across Linyi (Figure 11a4,b4,c4).
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Figure 11. Typical extreme precipitation average dynamic fields of the different rain patterns in
Shandong Province from 1971 to 2020 ((a) 200 hPa, (b) 700 hPa, and (c) 925 hPa; 1. rain pattern I, 2.
rain pattern II, 3. rain pattern III, and 4. rain pattern IV; contour line: divergence, unit: s~!; shadow:
vertical velocity, unit: Pa-s~1).

The dynamic field conditions of the different rain patterns exhibit certain similar-
ities and differences. The maximum divergence centers of patterns I and III are lower
than those of patterns II and IV, while the maximum convergence centers are higher for
patterns Il and IV. Patterns I and III exhibit weak rising movements, whereas patterns
IT and IV show relatively powerful rising movements. Therefore, the main rainfall peaks in
patterns I and III are generally lower than those in patterns II and IV. The maximum rising
motion centers of patterns I and II are greater than those of patterns Il and IV; thus, the
main rain peaks in patterns I and II are both observed in the second half of the precipitation
period. The four rain patterns exhibit a rising structure characterized by low-level conver-
gence and high-level divergence. The high-level divergence of pattern IV is stronger than
the low-level convergence, creating a suction mechanism that supports upward motion.
Pattern IV experiences only one peak in rainfall during the first half of the process. Strong
convergent uplift not only promotes the formation and development of upward motion
but also has a significant impact on triggering mesoscale convective systems.

3.3.3. Comparative Analysis of the Average Water Vapor Fields of the Different Rain
Patterns in Mesoscale Convective Systems

The supply of water vapor in extreme precipitation centers is abundant, creating
favorable conditions for mesoscale convective systems. To characterize the water vapor field
conditions [26] in Shandong Province, an analysis was conducted on the average physical
quantities of the specific humidity and water vapor flux divergence at various pressure
levels. These pressure levels include 100 hPa, 200 hPa, 500 hPa, 700 hPa, 850 hPa, and
925 hPa (Figure 12, three representative pressure levels are selected for six pressure levels).

Pattern I. Over the extreme precipitation areas, in the specific humidity field, the
local specific humidity center at 925 hPa reaches 16 g-kg~!. For the water vapor flux
divergence field at 700 hPa, the precipitation center is situated within the region of water
vapor convergence, with an intensity of —2 x 1078 g-cm~2-hpa~!:s~!, while the water
vapor convergence intensity is relatively weak. The water vapor centers are located mainly
in Qingdao, Jinan, and Dezhou (Figure 12al,b1,c1).

Pattern II. The center of extreme precipitation is situated in an area characterized
by high specific humidity and strong water vapor convergence. There is a high-specific-
humidity center near the 925 hPa specific humidity field, with a center value of 17 g-kg~!;
the 700 hPa water vapor flux divergence field exhibits a significant center of strong water
vapor convergence, with an intensity of —12 x 108 g-cm_z-hpa_1 .s71 which indicates
a robust intensity of water vapor convergence. A significantly high specific humidity
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and strong water vapor convergence center provide favorable water vapor conditions for
extreme precipitation. The water vapor centers are located mainly in Qingdao, Heze, and
Linyi (Figure 12a2,b2,c2).

Pattern III. The center of extreme precipitation is located at the center of the specific
humidity and water vapor convergence zone. There is a high-specific-humidity center near
the 925 hPa specific humidity field, with a center value of 17 g-kg~!. There is a high-water
vapor convergence center near the 700 hPa water vapor flux divergence field, with an
intensity of —4 x 107® g-cm~2-hpa~!-s~!. The centers are located mainly in areas such as
Zaozhuang and Heze (Figure 12a3,b3,c3).

Pattern IV. In the specific humidity field, the high-specific humidity center is near the
925 hPa horizontal distribution area, with a center value of 18 g-kg 1. In the divergence
field of the water vapor flux, the highest water vapor convergence center is located in the
horizontal distribution area at 700 hPa, with an intensity of —10 x 1078 g-cm=2-hpa—!.s~1.
An abnormally high specific humidity promotes the occurrence of extreme precipitation
events (Figure 12a4,b4,c4).
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Figure 12. Typical extreme precipitation average water vapor fields of the different rain patterns in
Shandong Province from 1971 to 2020 ((a) 700 hPa, (b) 850 hPa, and (c) 925 hPa; 1. rain pattern I, 2.
rain pattern II, 3. rain pattern I1I, and 4. rain pattern IV; contour line: specific humidity, unit: g-kg™?;
shadow: water vapor flux divergence, unit: g-cm~2-hpa~!-s71).

The water vapor fields of the different rain patterns also exhibited some differences.
The four rain patterns exhibit a gradual decrease in humidity as the altitude increases
from low to high. The centers of high specific humidity are consistently found near the
925 hPa horizontal distribution area, with values above 16 g-kg~!. Pattern I has the lowest
specific humidity intensity, while pattern IV has the highest intensity. The water vapor flux
convergence of the four rain patterns from 200 hPa to 100 hPa is nearly zero. The intensity of
water vapor convergence at 700 hPa, 850 hPa, and 925 hPa is strong in the middle and lower
layers, and the strong centers of water vapor convergence are all located in the horizontal
distribution area at 700 hPa. Rain pattern I exhibits the smallest convergence intensity,
while rain pattern II exhibits the maximum water vapor convergence intensity. Based on
the specific humidity intensity and water vapor convergence intensity of the four rain
patterns, rain pattern I has the smallest main rain peak rainfall, while rain patterns II and
IV have the largest main rain peak rainfall. Abnormally high specific humidity and strong
water vapor convergence centers supply water vapor for extreme precipitation and create
the conditions necessary for the development of mesoscale convective systems.

4. Conclusions and Discussion

Analyzing hourly precipitation data from July to September in Shandong Province
between 1971 and 2020, this study examines the characteristics of the most common extreme
precipitation events over the past five decades. The findings show a gradual increase in
total rainfall and duration, alongside a slight decrease in rainfall intensity. These events
are predominantly concentrated in the eastern coastal areas and in northern, northwest,
and southwestern Shandong, occurring less frequently in central Shandong. The typical ex-
treme precipitation events are primarily located in the eastern coastal and western regions.
The distribution frequency of the start time of extreme precipitation events shows greater
occurrence during the daytime than at night. In regions such as southwestern Shandong,
southern Shandong, and eastern coastal areas, extreme precipitation is more likely to hap-
pen in the afternoon, while it occurs more frequently in the morning and night in northern
Shandong and northwest Shandong. Heavy rains tend to start in the afternoon and at
night. Specifically, extreme precipitation in western Shandong, southwestern Shandong,
southern Shandong, and eastern coastal areas is more common during the day, whereas it
predominantly occurs at night in northern Shandong and northwest Shandong. By analyz-
ing the extreme precipitation index, this study investigates the spatiotemporal distribution
characteristics and changes in extreme precipitation events in Shandong Province. The
findings align with existing research, but there is room for improvement in the standard for
extracting typical extreme precipitation events. The analyzed index is relatively simple,
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and a more comprehensive analysis of the changing characteristics of extreme precipitation
events is recommended. Further exploration is needed to delve deeper into the conclusions.

Cluster analysis was utilized to classify extreme precipitation events into four rain
patterns. The results revealed that rain patterns I, II, and III exhibit multiple rain peaks,
while rain pattern IV has a single rain peak. The main rainfall peak of rain patterns
I and III generally has lower intensity compared to the peaks of rain patterns II and IV.
Additionally, the precipitation duration of patterns I and II is shorter than that of patterns
III and IV. This classification method can more accurately cluster the entire precipitation
process, thereby analyzing the characteristics of precipitation processes of different rain
patterns, reducing tedious human work. However, there are various approaches to classi-
fying rain patterns, and different methods can be applied from multiple perspectives in
classification research.

Extreme precipitation events result from interactions between large-scale circulation
configurations and mesoscale convective systems. The causes of extreme precipitation
events with varying rain patterns are examined by considering the large-scale circulation
background and mesoscale convective systems and how they relate to the characteristics of
the precipitation process. In the context of large-scale circulation, double-block circulation
results in two rain peaks, while single-block circulation leads to one rain peak. The presence
of a Western Pacific subtropical high-pressure system can induce multiple rain peaks during
the precipitation process, with circulation transport influencing the duration of precipitation
events. The intensity of the ascending motion in mesoscale convective systems plays a
crucial role in determining the amount of rainfall at the peak of a rain event. The vertical
height of the maximum ascending motion influences the location of the primary rain
peak. Additionally, the intensity of specific humidity and water vapor convergence also
contribute to the overall rainfall amount at the rain peak. This article examines the causal
mechanisms and contrasts the variations among various patterns of rain precipitation
events. The findings contribute to enhancing the forecasting of extreme precipitation events
and future climate predictions in Shandong Province while also addressing the challenges
posed by global climate warming. A comparative analysis was conducted on various
weather dynamic factors to examine the driving mechanisms of extreme precipitation
events, considering both the large-scale circulation background and mesoscale convective
systems. Further research is needed to understand how each dynamic factor responds
to climate warming, particularly in relation to large-scale circulation. Understanding
the correlation between the background and mesoscale convective systems is crucial for
improving climate prediction and addressing meteorological disaster challenges.
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