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Abstract: Tropical cyclones (TCs) are often accompanied by heavy precipitation, which may lead to
natural disasters and a serious threat to life and property. However, they also provide indispensable
water resources. Studying the temporal and spatial characteristics of TC precipitation is of great
importance for TC precipitation forecasting, TC disaster mitigation, and water resource utilization.
Guangdong is one of the most frequently and severely TC-affected provinces in China. Due to the
different methods used to identify TC precipitation, the conclusions offered by the existing studies are
often inconsistent. Moreover, their analyses of the spatiotemporal characteristics of TC precipitation
in Guangdong are not sufficiently thorough. In this study, we first selected the historical TCs that
affected Guangdong from 1961 to 2020, using an objective separation method for TC wind and rain,
based on the observation data from 86 national meteorological stations in Guangdong Province. From
these observations covering the past 60 years, the temporal and spatial variations in TC precipitation
in Guangdong for four different periods, namely the first rainy season (FRS), the second rainy season
(SRS), the non-rainy season (NRS), and over the whole year (WY), were then explored using statistical
analysis and multiple cluster methods. The results show that TC frequencies in the four periods all
showed a decreasing trend. TC precipitation also showed a decreasing trend in the SRS and NRS,
as well as for the WY, but showed a slightly increasing trend in the FRS. Both TC frequency and
TC precipitation showed an apparent inter-annual fluctuation and a quasi-periodic pattern. The
spatial distribution of TC precipitation in the four periods all showed a decreasing trend from the
coastal to the inland stations, but the western coastal areas had higher TC precipitation values than
the eastern coastal areas for the SRS, NRS, and WY periods. The spatial variations of TC precipitation
in Guangdong in the four periods of the last six decades were quite similar, exhibiting three primary
spatial modes and six patterns. Among them, the spatial distribution of TC precipitation being
less than normal across the whole province is the most common pattern. The 86 stations can be
classified into six groups when using the spatial clustering method and into four groups when using
the time-series clustering method. Stations with higher TC precipitation and large inter-annual
fluctuations are often distributed in the coastal areas, while stations with less precipitation and small
inter-annual fluctuations are distributed in inland areas. However, the primary areas that are affected
by TCs may vary in the different periods.

Keywords: tropical cyclone; precipitation; spatial-temporal characteristics; clustering analysis;
Guangdong Province

1. Introduction

Tropical cyclones (TCs) are large-scale weather events with organized storm activity
that form over warm tropical or subtropical water; they are often accompanied by strong
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winds, heavy rains, and storm surges. The extremely heavy rainfalls brought about by
TCs often cause destructive and life-threatening disasters, such as floods, landslides, and
mudslides. Studies have found that TC disasters in China are mainly associated with
torrential rainfall [1–5]. Conversely, moderate TC precipitation plays an important role
in regional water resource supply. Therefore, it is of great importance to improve our
understanding of TC precipitation.

The identification and determination of TC precipitation forms the basis of the analysis
of TC precipitation characteristics. However, since TCs often interact with other weather
systems, separating the various forms of precipitation caused by different weather systems
is extremely complicated [6]. In the early days of meteorological analysis, the identification
of TC precipitation mainly adopted the method of artificial synoptic map analysis [7], which
is both labor-intensive and time-consuming. Some scholars have used fixed circles with
different radii covering such distances as 500 km or 800 km to define TC precipitation [8–11].
Other studies have defined TC precipitation as the precipitation generated by TCs over
a fixed area (such as a TC impact zone) [12]. These methods are questionable because
the sizes of TCs and the areas that they affect may vary greatly. Based on analyses of the
structure of the TC precipitation field, Ren et al. proposed a numerical method to identify
TC precipitation in 2001 [13]. The method was further improved by Ren et al. in 2007, who
then named it the objective synoptic analysis technique (OSAT) [14]. The OSAT method
imitates the process of weather forecasters’ analyses of a synoptic map, which involves
two steps: separating independent rainbands from the precipitation field and associating
certain rainbands with a given TC based on the forecasters’ experience. Many scholars have
applied this method to study the characteristics of TC precipitation in different regions,
such as East China, South China, and the coastal provinces and found that the variation
trends of TC precipitation are quite diverse in the different regions. Ying et al. found
that the precipitation recorded per TC and the maximum 1 h precipitation recorded in the
southern region of the Yangtze River showed an increasing trend [15]. Zhang et al. found
that the average precipitation from TCs in southeast China showed a significant increasing
trend from 1965 to 2009 [16]. Other scholars have found that the long-term trend of TC
precipitation in China from July to September is increasing in East China and southeast
China while decreasing in South China and southwest China [17,18]. The studies by Wu
et al. and Jiang et al. revealed that the TC precipitation and extreme TC precipitation in
Hainan showed a downward trend [12,19]. Li et al. found that the frequency and intensity
of TC precipitation in Hong Kong have decreased in recent decades [20]. Although the
OSAT works perfectly well in most cases, it may fail to accurately identify TC precipitation
values in certain situations, for example, when there is a complex interaction between the
TCs and other weather systems [13,15], or when there is still strong precipitation after the
TC has dissipated. For this reason, some studies still adopt the subjective approach [15,21].

After completing the identification step, most studies have adopted trend analysis
methods to examine the trend of TC precipitation according to time series, with linear
regression being the most commonly used technique. Ying et al. adopted the quantile
regression to assess the trends in TC-induced wind and precipitation over mainland China
and employed a bootstrap method to determine the significance levels of these trends [15].
Elsewhere, Zhang et al. used the Mann-Kendall test to examine the changes in TC precipi-
tation in China [16]. Studies evaluating the spatial patterns of TC precipitation have used
different spatial interpolation methods, such as inverse-distance interpolation and Kriging
interpolation, to obtain spatial distribution information regarding TC precipitation [22–25].
A few of these studies have adopted the empirical orthogonal function (EOF) to explore
the spatiotemporal characteristics of TC precipitation. For example, Luo et al. found that
the first three eigenvectors of the EOF modes could explain 70.6% of the anomalies in the
TC precipitation anomaly in South China from 1960 to 2016 [22]. Compared to the above
statistical methods, cluster analysis, which is a machine learning method, can be used for
mining the details of data information during the classification process [26]. However, few
studies have applied these clustering methods to TC precipitation.



Atmosphere 2023, 14, 1367 3 of 24

Guangdong Province is located in the southern area of China and is adjacent to the
South China Sea (SCS) and the western North Pacific, a region with a high incidence of
TCs that accounts for more than 36% of the total number of TCs worldwide. Its unique
geographical location makes Guangdong one of the provinces most profoundly affected
by TCs in China. However, few studies have focused specifically on analyzing the impact
of TC precipitation in Guangdong. Although Li et al. used trend analysis and spatial
interpolation methods to explore the spatiotemporal characteristics of TC precipitation in
Guangdong [23], the research period used in their study was from 1951 to 2012, which
cannot be used to reflect the characteristics shown in recent years. Even though some studies
have covered Guangdong, their findings are inconsistent. This is because of the different
definitions and separation methods regarding TC precipitation, the different scopes of
research (whether tropical depressions and/or un-landed TCs have been included), the
different study periods, and the different meteorological stations that were used to gather
data. Moreover, few studies have provided detailed and in-depth analyses of different time
periods and the different regions of Guangdong.

To fill in the above research gaps, this study aims to identify TC precipitation that is
more in line with the actual weather recorded in Guangdong, based on more complete
meteorological observation data from a specific time series (1961–2020). This study then
uses trend analysis and a variety of clustering methods to analyze the spatiotemporal char-
acteristics of TC precipitation recorded during different periods in Guangdong Province.
Specifically, the following research questions are addressed: (1) What are the trends of TC
frequency and TC precipitation affecting Guangdong in the past 60 years? (2) What are
the differences in TC precipitation between different periods? (3) What are the patterns of
TC precipitation for the different stations? The rest of this paper is organized as follows:
Section 2 introduces the data analyzed in the study, along with the analytical methods that
are employed. The temporal and spatial characteristics of TC precipitation in different
periods are presented in Section 3. A discussion of our findings is presented in Section 4,
and the conclusions drawn from these findings are summarized in Section 5.

2. Materials and Methods
2.1. Study Area and Data

Our study area, Guangdong Province, comprises a land territory of 179,800 km2

with a coastline of 4114 km that is oriented from east to west (Figure 1). The province is
geographically separated from the north of China by the Southern Mountain Range. The
topography of Guangdong is high in the north and low in the south, with mountains taking
up 33.7% of the total area; the remaining landscape is composed of hilly areas (24.9%),
terraced land (14.2%), and plains (21.7%). From north to south, Guangdong features a
mid-subtropical climate, a south subtropical climate, and a tropical climate. The annual
average temperature in Guangdong is between 19 and 24 degrees Celsius, while the annual
rainfall ranges from 1400 to 2000 mm. Almost 80% of the annual rainfall occurs in the rainy
season from April to September, which can be divided into two periods of precipitation.
The first rainy season (FRS) is from April to June, during which the precipitation mostly
comprises frontal precipitation. The second rainy season (SRS) is from July to September,
during which time the precipitation is mostly caused by TCs. The non-rainy season (NRS)
runs from January to March and from October to December.
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Figure 1. Location of Guangdong and the distribution of meteorological stations.

There was a total of 258 TCs that made landfall in Guangdong from 1951 to 2020,
accounting for 41.5% of the total number of TCs reported in China. In the past 10 years,
the average annual economic loss as a result of TCs in Guangdong Province was more
than CNY 15 billion, accounting for about 64% of the province’s meteorological disaster
losses. The average annual death toll is approximately 31 people, accounting for 40% of the
province’s recorded deaths due to meteorological disasters, ranking in first place according
to the number of deaths caused by all the various kinds of natural disasters [22,23,27,28].

The daily precipitation and maximum wind speed data from 86 meteorological stations
in Guangdong Province, as recorded from 1961 to 2020, were used in this study. Although
some of these stations were already in operation in the 1950s, they were relatively few and
their spatial distribution was sparse, which may affect the accuracy of calculations regarding
the objective separation of TC precipitation and wind to a certain extent. Therefore, our
study selected the years from 1961 to 2020 as the research period.

The best-track data for TCs from 1961 to 2020 over the western North Pacific and the
South China Sea were collected from the Shanghai Typhoon Institute of China’s Meteoro-
logical Administration (https://tcdata.typhoon.org.cn/, accessed on 1 April 2023.). These
data include the latitude and longitude of the TC center, along with TC intensity in terms
of the minimum sea level pressure and the maximum sustained 10-m wind speed, recorded
at 6 h intervals [29–31].

2.2. Methods

Figure 2 shows the flowchart for the analysis employed in this study. First, the objective
separation method for assessing TC wind and rain was employed to select those TCs that
affected Guangdong during the period from 1961 to 2020, based on the daily precipitation
and daily maximum wind speed data from 86 national surface meteorological stations
in Guangdong Province, along with the latitudes and longitudes of the meteorological
stations and the TC best-track data. Second, the TC precipitation of each station in four
different periods, namely FRS, SRS, NRS, and the whole year (WY), was calculated. Third,
the trend analysis method, empirical orthogonal function (EOF) analysis, and multiple
cluster methods were adopted to investigate the various spatiotemporal characteristics

https://tcdata.typhoon.org.cn/
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of TC precipitation in Guangdong, which include the temporal variation trend, inter-
decadal variation characteristics, spatial distribution, the anomaly field spatial oscillation
pattern of TC precipitation, spatial clustering characteristics, and the time-series clustering
characteristics of TC precipitation.
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2.2.1. Selection of TCs Affecting Guangdong

In this paper, the objective separation method for assessing TC wind and rain was
used to select those TCs that have affected Guangdong over time. The method for the
objective separation of TC precipitation is based on the OSAT developed by Ren et al. [13,14],
comprising 2 major steps: the separation of independent rainbands and the identification
of the TC’s rainbands. A detailed description of these steps is given below.

(1) Separation of independent rainbands

The first step is to separate the daily precipitation field into different rainbands based
on an analysis of its structure. To establish the precipitation observed at the n surface
meteorological stations on a certain day, the raining rate at the neighboring stations of
around each station was first calculated. For a given station j (j = 1, 2 . . . n), the raining
rate of its neighborhood stations r(j) is defined as:

r(j) =
{

m/M, p(j) > 0
0, p(j) = 0

(1)

where M is the total number of neighboring stations for station j, and m is the number of
neighboring stations with precipitation. If station j records zero precipitation, then r(j) is
set to 0. Station j belongs to a certain rainband if r(j) is greater than a certain value of R0,
which is set to 0.5 as suggested by Ren et al. in their study [14].

The n stations were sorted in descending order according to their values of r(j), with
the topmost station being selected as the very first potential rainband center. After that,
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the other n-1 stations were examined in turn. If any of these stations met the following
requirements, that station was selected as a new potential rainband center.

p(j) > 0, r(j) > R0, and d ≥ dc (2)

where d is the minimum distance between station j and any other rainband center that has
already been defined, and dc is set at a constant, predefined distance (such as 300 km).

Assuming that there are K stations being defined as potential rainband centers in the
previous step, the following procedure was carried out to separate the L (where L is less
than or equal to K) value of independent rainbands from the rain field.

Step 1: If a station does not belong to any particular rainband, then it is deemed to
belong to a new rainband, l.

Step 2: If station j belongs to rainband l and either of condition (3) or condition (4) can
be met, then any one of the neighboring stations of station j can be added as a new member
of rainband l, as long as this station has not been assigned to any other rainband.

p(j) ≥ P0, and r(j) ≥ R0 (3)

p(j) > 0, and r(j) ≥ 0.5 (4)

Here, P0 is a threshold value (empirically defined as 5 mm) that is used to separate
large and small precipitation values.

Step 3: For any station that has been selected as a new member of rainband l, step 2 is
repeated until there are no neighboring stations that match these requirements.

Afterward, the above 3 steps are carried out for the next potential rainband center to
continue the search for a new rainband.

Some scattered raining stations (p(j) > 0), especially the ones located at the edges of
the rainbands, may still exist after the L rainbands have been separated. For each of these
stations, the numbers of its neighboring stations that belong to each of the L independent
rainbands are counted first. The station is then assigned to the rainband that has the greatest
number of neighboring stations, as long as the number of neighboring stations is greater
than 0; otherwise, it is regarded as a scattered raining station. To define the edges of the L
rainbands more accurately, this procedure may be repeated one or more times.

(2) Identification of the TC’s rainbands.

A potential TC rainband may be defined when either of condition (5) or condition (6)
is met:

Dtb < D0 + Dmin (5)

∑ v(k) ≥ 8.0, k = 1, · · · , Ml (6)

where Dtb is the distance between the TC center and the rainband-weighted-precipitation
center and D0 is the distance threshold of definite TC precipitation, while Dmin refers to the
minimum distance between the TC center and any of the n stations. Ml is the number of
stations in rainband l, and v(k) is a function of the distance d(k) between the TC center and
station k in rainband l.

v(k) =


4.0, if d(k) ≤ 300 + Dmin

2.0, if 300 + Dmin < d(k) ≤ 400 + Dmin
1.0, if 400 + Dmin < d(k) ≤ 500 + Dmin
0.5, if 500 + Dmin < d(k) ≤ 600 + Dmin

0.0, else.

(7)

A complete TC rainband should contain at least three raining stations. Raining station
j belongs to a TC rainband if its distance to the TC center, Dts, is less than D0, or if Dts
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is less than D1 and it belongs to a potential TC rainband. The original TC range control
threshold of D1 is quite large, with its maximum value being 1100 km. As a result, many
TCs that are located far away from Guangdong Province can also be identified as TCs that
affected Guangdong, which is inconsistent with the actual situation and against common
sense. In this study, the TC range control thresholds of D1 were modified based on repeated
experiments and comparisons performed during the identification of TC rainbands (Table 1);
this means that the separation results for TC precipitation are more consistent with the
actual situation in Guangdong. Since the original TC range control threshold has been
greatly reduced, the TC precipitation data obtained in this study should be interpreted as
precipitation that was directly caused by the TC system, whereas precipitation caused by
remote TCs or the remnants of TCs was not included in our calculations.

Table 1. Parameter settings of the precipitation separation method employed for TCs.

Maximum Sustained TC Wind
Speed (m/s)

Absolute TC
Precipitation Distance
Control Threshold D0

(km)

Original TC Range
Control Threshold D1

(km)

Revised TC Range
Control Threshold D1

(km)

TCs far away from GD

<17.2 (tropical depression) 200 600 400
17.2 to 24.4 (tropical storm) 300 800 500

24.5 to 32.6 (strong tropical storm) 400 1000 600
≥32.7 (typhoon and above) 500 1100 700

TCs close to GD
<17.2 (tropical depression) 300 800 500

≥17.2 (tropical storm and above) 500 1100 700

TCs do not always bring significant precipitation with them. Some TCs may only
cause strong winds, with little precipitation. These TCs are often omitted with the OSAT
method. In this study, strong winds caused by TCs were also separated using an objective
method. This method assumes that a TC may only result in strong winds within a certain
radius, which is proportional to its intensity (Table 2). For a meteorological station located
within the TC’s radius, the strong wind observed by this station can be attributed to the TC.
In addition, if the precipitation of a station was identified as the result of TC impact, then
the wind speed recorded by the station was automatically attributed to the same TC.

Table 2. Scanning radius to separate those winds caused by TCs.

Maximum Sustained TC Wind Speed (m/s) Scanning Radius (km)

V < 17.2 100
V ≥ 17.2 and V < 24.5 150
V ≥ 24.5 and V < 32.7 200
V ≥ 32.7 and V < 41.5 250
V ≥ 41.5 and V < 51.0 300

V ≥ 51.0 350

Based on the objective separation results for TC wind and rain from TCs, the beginning
and ending dates of a particular TC’s impact on each station in the study area were judged
according to the daily maximum wind speed and daily rainfall. Afterward, the total
rainfall amount and the maximum daily rainfall of each station that was caused by TCs
were calculated.

2.2.2. Spatiotemporal Analysis to Explore the Overall Characteristics of TC Precipitation

(1) Trend analysis

In this paper, we performed linear regression between TC frequency and time series,
as well as TC precipitation and time series in different periods, to identify the trend of TC
frequency and TC precipitation over time. To explore whether the trend in TC frequency
or in TC precipitation is significant, we performed a significance test for the results of the
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linear trend estimation. If the p-value was less than 0.05, then the upward or downward
trend was considered to be significant.

To explore the characteristics of inter-decadal change, we used a multi-year moving
average and the Butterworth low-pass filtering method to process the data [9,32,33].

(2) EOF analysis

In climate studies, EOF analysis is often used to study the possible spatial modes of
variability and how they change over time. EOF analysis simplifies the spatiotemporal data
set by transforming it into the spatial mode of the physical quantity and the projection on
the time with which it is associated [34–36]. The spatial mode obtained by decomposition
can be regarded as the basis function corresponding to the variance, while the relevant
time projection is the principal component (PC), the time coefficient. The formulas are
as follows:

Cm×m =
1
n

X × XT (8)

Cm×m × Vm×m = Vm×m × Em×m (9)

Em×m =


λ1 0 · · · 0
0 λ2 · · · 0
...
0

0
0

. . .
0

...
λn

 (10)

where X is the data matrix to be analyzed, which is usually processed in the form of an
anomaly. C is the covariance matrix. λ1, λ2 · · · λn are the eigenvalues of the matrix C.
The larger the eigenvalue is, the more important the corresponding mode is. V is the
corresponding feature vector. The eigenvalue λ is usually sorted in order from large to
small, where λ1 > λ2 > · · · > λn, while the eigenvector value corresponding to each
non-zero eigenvalue is the EOF value.

PCm×n = VT
m×m × Xm×n (11)

Each row of the PC matrix PCm×n corresponds to the time coefficient of each feature
vector. The time coefficient represents the time variation characteristics of the spatial
distribution mode of the corresponding feature vector. The sign of the coefficient determines
the direction of the mode. A positive sign indicates that it is in the opposite direction to the
mode. The larger the absolute value of the coefficient is, the more typical the mode at that
particular moment in time.

In this study, the EOF analysis was used to separate the temporal and spatial variations
of the TC precipitation anomaly field in Guangdong Province for certain periods of the FRS,
SRS, NRS, and also for the WY; the North test [37] was used to select the significant mode
by which to describe the temporal and spatial variation characteristics of TC precipitation.

2.2.3. Cluster Methods for Exploring the Differences in TC Precipitation at the
Different Stations

Clustering analysis is a popular statistical data analysis and machine learning approach
that separates unlabeled data points into clusters based on their similarity to one another,
which can discover the structure and other information contained in the data itself without
needing a priori knowledge [38–40]. According to the characteristics of the different forms
of data, we used two different cluster methods. The first one was the spatial clustering
method considering attributes, which was used to cluster the 86 meteorological stations
based on the 60-year average for TC precipitation recorded in the FRS, SRS, and NRS, and
for the WY, respectively. The second one was the time-series clustering method, which was
used to cluster the 86 meteorological stations based on their TC precipitation time series in
the FRS, SRS, and NRS, and for the WY, respectively.
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(1) Spatial clustering considering attributes

There is often a positive spatial correlation among the TC precipitation values of
neighboring stations. Therefore, the spatial relationships among the stations should also be
considered when grouping the stations according to their levels of TC precipitation. In this
paper, a k-means clustering algorithm that was based on the spatial adjacency relationship
was adopted to cluster the 86 meteorological stations, wherein the weighted spatial distance
was used [41,42].

d(w)
ij =

(
w2

xy

((
xi − xj

)2
+
(
yi − yj

)2
)
+ w2

A
(
ai − aj

)2
)1/2

(12)

In the above equation, d(w)
ij is the weighted spatial distance between stations si and

sj. (xi, yi) and
(

xj, yj
)

are the coordinates of these two stations. ai and aj represent the
attribute vectors, which are drawn from the 60-year average TC precipitation values of the
two stations. The non-negative weights of wxy and wA reflect the importance of spatial
location distance and attribute distance when calculating the weighted spatial distance.

(2) Time-series clustering

In this study, the k-medoids clustering algorithm was used to cluster the 60-year TC
precipitation time series of the 86 meteorological stations. Each station was categorized
into different clusters according to its specific characteristic of change. The basic principle
of the k-medoids algorithm is similar to that of the k-means algorithm. According to
the distance from each observation point to the cluster center, all observation points are
divided into categories according to the minimum distance. However, compared with the
k-means algorithm, the k-medoids algorithm does not use the average value, but instead
adopts the most central object in the cluster as the reference point. Therefore, the k-medoids
algorithm has a better processing effect on noise points and isolated points [43,44]. The time
series similarity is measured by the differentiable DTW form, soft-DTW, in the clustering
process [45].

3. Results
3.1. Spatiotemporal Characteristics of TC Precipitation in Guangdong Province
3.1.1. Temporal Change Characteristics

Using the method discussed in Section 2.2.1, we selected a total of 626 historical TCs
that caused precipitation and strong winds in the vicinity of various Guangdong national
meteorological stations during the period from 1961 to 2020. Half of these TCs had caused
precipitation at less than 35% of the stations, while 143 of the other half of the TCs had a
precipitation impact that was recorded by more than 70% of the stations. Additionally, only
220 of the 626 TCs that were recorded had landed in Guangdong (including Hong Kong
and Macao); the remaining 406 TCs either made landfall in other provinces or dissipated
out at sea.

Figure 3 shows the distribution of the occurrence time of TC precipitation in Guang-
dong Province from 1961 to 2020. It can be seen that TC precipitation in Guangdong
covered a large time span and mainly occurred in the period from May to November on
the days of the year (DOY) in the period from day 120 to day 330, with slight fluctuations
from year to year. The earliest recorded DOY with TC precipitation occurred on 27 January
1975, while the latest recorded DOY with TC precipitation occurred on 29 December 1981.
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As shown in Figure 4, 90 of the 626 identified TCs occurred in the FRS, accounting
for 14.4% of the total; 443 TCs occurred in the SRS, accounting for 70.8% of the total; and
93 TCs occurred in the NRS, accounting for 14.9% of the total. The seasonal variations in
the TCs affecting Guangdong are closely related to the genesis of TCs in the WNP and SCS.
From January to April, most TC genesis occur south of latitude 15◦ N; from May to August,
the region of TC genesis gradually extends northward. Meanwhile, the deep-layer-mean
steering flow also tends to steer the TCs further northward. As a result, TC activity drifts
slowly northward during May and June to make landfall in South China. By July and
August, the TC landfall activity increases and shifts further north. Finally, in September,
the landfall activity reverses and moves back toward the south [46].
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Based on this pattern of movement, our study analyzed the spatial and temporal
characteristics of TC precipitation according to four periods, namely the FRS, SRS, NRS,
and WY.

Figure 5 shows the number of TCs and the annual precipitation brought by TCs
that affected Guangdong Province in different years. It is evident that the inter-annual
fluctuations of TC frequency and precipitation were very large for all four periods. In terms
of frequency, the average number of TCs affecting Guangdong each year was 10.6 from
1961 to 2020, with the maximum number of TCs reaching 17 and the minimum number
being only 5. In terms of precipitation, the average annual precipitation caused by TCs
in Guangdong from 1961 to 2020 was 277.6 mm, with a maximum value of 536.2 mm in
1986 and a minimum of 51.1mm in 2004. The majority of the TC precipitation from TCs
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occurred in the SRS. The average precipitation in the SRS was 210.3 mm, although it was
only 36.4 mm and 30.9 mm, respectively, for the FRS and NRS.
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In terms of the trends in the variations, the regression coefficients of the number of
TCs in the FRS, SRS, and NRS, and for the WY, along with TC precipitation in the SRS, the
NRS, and for the WY were all negative, showing a decreasing trend, and the number of
TCs in FRS, SRS, and WY decreased significantly. Whereas the regression coefficient of
TC precipitation in the FRS was positive, showing an increasing trend. The findings of
the nine-year sliding average and the results of Butterworth’s low-pass filtering show the
presence of a quasi-periodic pattern in the changes in TC frequency and TC precipitation.
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Among them, the filtered curve corresponding to the number of TCs in the FRS had an
obvious change point around the year 1990. The average number of TCs in the FRS from
1961 to 1990 was 1.9, while the average number of TCs in the FRS from 1991 to 2020 dropped
to 1.1, showing a difference of 0.8. This may be due to the fact that, from the perspective
of thermal conditions, the average sea surface temperature (SST) in the region of Niño 3.4
(5◦ N–5◦ S, 120◦–170◦ W) has generally been high in recent years. From the point of view
of dynamic conditions, the intertropical convergence zones found at different heights have
moved westward to varying degrees since 1990, whereas the easterly convergence flow
south of the subtropical high has shifted eastward, while the relative vorticity in the main
area where the frequency of TC has decreased in China (5–12.5◦ N, 137.5◦–155◦ E) has been
reduced, causing unfavorable conditions for the generation of TCs. In terms of changes
to the paths followed by TCs, their movements are mainly manipulated by large-scale
circulation-guided currents. After 1995, a northerly wind anomaly in opposition to the
southwesterly winds of the mean flow field was observed in South China, which led to an
overall decrease in the frequency of TC activities and TC precipitation affecting Guangdong
Province [22,47].

Furthermore, there was a northerly wind anomaly in the East China Sea, moving in
the same direction as the mean flow field, and an easterly wind anomaly in the middle and
lower reaches of the Yangtze River, moving in the opposite direction of the mean flow field.
This causes an increasing number of recurving TCs that usually make landfall in East China
and cause precipitation in Guangdong Province, resulting in a rise in TC precipitation
during FRS [47–49].

3.1.2. Spatial Distribution Characteristics

Figure 6 presents the spatial distribution of TC precipitation in different periods. It is
evident that the annual average TC precipitation in the FRS, SRS, and NRS, and for the WY
all showed a decreasing trend from the coast to the inland. Meanwhile, the TC precipitation
in the SRS and NRS, as well as for the WY, were all greater in the western coastal areas
compared to the eastern coastal areas.

Specifically, the SRS contributed most of the TC precipitation over the WY. In the
FRS and NRS, the TC precipitation in most regions was less than 50 mm. Annual TC
precipitation in the coastal areas was generally greater than 300 mm, which gradually
decreased to less than 150 mm in the northern regions, including most of the Shaoguan City,
the northern part of the Qingyuan City, and the northwestern part of the Zhaoqing City.

Differences in the spatial distribution of TC precipitation in Guangdong are primarily
caused by the apparent differences in TC activities. According to a study by Zhang et al.,
from 1951 to 2020, there were 112, 71, and 51 TCs making landfall in western Guangdong,
central Guangdong, and eastern Guangdong, respectively [27]. Yan et al. found that
in the case of TCs that landed in the Pearl River Delta (PRD) region, the highest values
of precipitation appeared in the coastal areas of the PRD and the western regions of
Guangdong; for TCs that landed in eastern Guangdong, the highest values of precipitation
appeared in the PRD and eastern Guangdong. In the case of TCs that landed in western
Guangdong, high values of precipitation also appeared in western Guangdong [50]. Since
around 48% of the TCs that affect Guangdong Province each year make landfall in the
western part of the province, this explains why there is greater TC precipitation in the
western coastal areas.
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The topography also plays an important role in the movement of TCs. The lifting
effect of coastal topography and the windward slopes of mountain ranges strengthen the
upward movement of warm and humid air while blocking and slowing the progress of
TCs, resulting in torrential rainfall in the coastal areas.

3.1.3. EOF Analysis of TC Precipitation

To explore the spatial variations in TC precipitation in Guangdong Province from
1961 to 2020, we carried out an EOF analysis to elucidate the TC precipitation anomaly
fields of 86 stations in the FRS, SRS, and NRS, and for the WY, respectively. The North test
results show that the first three modes of TC precipitation in the FRS, SRS, and NRS, and
for the WY were statistically significant, with the cumulative variance contribution of the
eigenvector being 79.6%, 76.9%, 82.8%, and 74.5%, respectively. The variance contribution
rate of the first-mode feature vector was 54.3%, 51.1%, 57.3%, and 53.5%, respectively,
which was much higher than the contribution rates of other modes. Therefore, the first
mode is the most important spatial distribution mode of the TC precipitation field in
Guangdong Province.

Figure 7 shows the spatial distribution of the eigenvectors of the first three modes
identified in the EOF analysis of the TC precipitation anomaly field in the FRS, SRS, and
NRS, and for the WY. The eigenvector values corresponding to the first mode in the
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four periods are all positive, indicating that the trend of precipitation in the province
during these periods is highly consistent, which means that TC precipitation in the whole
province is either consistently more than normal or consistently less than normal. However,
spatial distributions of the eigenvectors in different periods are different. Regarding the
FRS, the high-value center was mainly located in the Pearl River Delta and decreased
outward. Regarding the SRS and the WY, the high-value centers were mainly located in
the western coastal cities, such as Zhanjiang, Maoming, Yangjiang, Jiangmen, Zhuhai, and
Zhongshan, and decreased from southwest to northeast. Regarding the NRS, the high-value
centers were mainly concentrated in the central and eastern coastal cities, such as Zhuhai,
Zhongshan, Shenzhen, Huizhou, Shanwei, and Jieyang, and decreased from the coast to
the inland stations.
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The spatial distribution of the eigenvectors corresponding to the second mode in the
four periods is generally similar, bounded by a central axis that passes through the Pearl
River estuary, showing an east-west reverse distribution pattern. This means that there is
either more TC precipitation in eastern Guangdong and less TC precipitation in western
Guangdong, or less TC precipitation in eastern Guangdong and more TC precipitation in
western Guangdong. Regarding the FRS, the SRS, and the WY, the area east of the central
axis is positive and that to the west is negative, while the distribution in the NRS is exactly
the opposite.

The spatial distributions of the eigenvectors corresponding to the third mode in the
four periods are roughly the same, with the higher values or lower values centered on
the Pearl River estuary and a reverse distribution around the center. In this mode, the TC
precipitation was either more than normal in the central region of Guangdong but less in
the eastern and western regions, or it was less in the central region of Guangdong but more
in the eastern and western regions.

The first mode showed the highest frequency of occurrence in the past 60 years. The
change amount of TC precipitation compared with normal in Guangdong in a specific
year usually depends on the status of the warm water in the equatorial east-central Pacific
Ocean, the strength of the subtropical high in the western Pacific Ocean, and the water
vapor content over the Guangdong area in that year. If the subtropical high pressure is
strong, extensive in area, and with a southward ridge line and a westward-extended ridge
point, the TC precipitation in Guangdong tends to be low, and vice versa. For the second
and third modes, the spatial differences in TC precipitation variability in a specific year are
more likely to be due to the TC landfall location and intensity in that year [51].

In accordance with the three modes, there are six primary spatial distribution patterns
for TC precipitation in Guangdong. In pattern 1, the whole province experiences more
TC precipitation than normal, while pattern 2 represents the opposite (i.e., the whole
province has less TC precipitation than normal). Pattern 3 represents those cases when
there are higher than normal TC precipitation levels in eastern Guangdong and lower than
normal levels in western Guangdong, while pattern 4 represents the opposite of pattern
3 (i.e., higher than normal TC precipitation levels in western Guangdong and lower than
normal levels in eastern Guangdong). Pattern 5 represents cases when the central part
of Guangdong has higher than normal TC precipitation levels and the peripheral areas
have lower than normal levels, while pattern 6 represents the opposite. Figure 8 shows the
spatial distribution patterns of TC precipitation in the FRS, SRS, and NRS, and for the WY
from 1961 to 2020.
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In the past 60 years, it can be seen that pattern 2 occurred most frequently for all
four periods (FRS, SRS, NRS, and the WY), and there was an increasing trend in recent
years. Regarding the FRS, pattern 2 appeared 27 times over 60 years, accounting for nearly
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50%, while other pattern’ appearances were all less than 10 years. Regarding the SRS,
pattern 1 and pattern 2 appeared 15 times and 26 times, accounting for 25% and 43%,
respectively. Regarding the NRS, pattern 1 and pattern 2 appeared 11 times and 36 times,
accounting for 18% and 60%, respectively. Regarding the WY, pattern 1 and pattern 2
appeared 21 times and 26 times, accounting for 35% and 43%, respectively.

3.2. Comparison of TC Precipitation at Different Stations
3.2.1. Spatial Clustering of TC Precipitation at Different Stations

In order to explore the differences in TC precipitation among the various stations
in the FRS, SRS, and NRS, and for the WY, we used the k-means clustering algorithm,
based on the spatial adjacency relationship, to cluster the 86 meteorological stations. The
optimal number of clusters was set at six, according to the elbow method and the silhouette
coefficient. The left column in Figure 9 shows the spatial distribution of the six types of
stations in the different periods, while the right column presents violin plots depicting TC
precipitation at the six types of stations. The spatial distributions of the clustered stations
in the different periods are generally consistent, but there are also some differences. The
clustering results of the SRS and those for the WY are similar. Stations forming Cluster 5,
Cluster 6, and Cluster 2 have higher TC precipitation levels and are evenly distributed in
the coastal area. Among them, Jiangmen, Zhuhai, Zhongshan, and Shenzhen in the middle
of the coastal zone have the highest TC precipitation; followed by Zhanjiang and Maoming
in the west of the coastal zone; while Huizhou, Shanwei, Jieyang, and Shantou in the east of
the coastal zone have relatively lower TC precipitation. Stations in the other three clusters
have less TC precipitation and are all distributed in the inland areas. Among them, the
stations of Cluster 4, which are located in Shaoguan, Qingyuan, and the north of Heyuan,
have the least TC precipitation, comprising less than 150 mm in the SRS and less than
200 mm in the WY. Those stations located in the central and western regions of Guangdong
Province have more TC precipitation than those in the central and eastern regions.
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The clustering results regarding TC precipitation in the FRS and NRS are quite dif-
ferent from those of the SRS and for the WY. Regarding the FRS, stations in Cluster 5 and
Cluster 6 have more TC precipitation and are located in the middle of the coastal zone
(Jiangmen, Zhongshan, Zhuhai, and Shenzhen) and in the eastern coastal zone (Shanwei,
Jieyang, Shantou, and Chaozhou). The TC precipitation recorded by these stations exceeds
40 mm, whereas stations in the western coastal zone have relatively less TC precipitation.
Regarding the NRS, the stations of Cluster 5, Cluster 6, and Cluster 2, which have more TC
precipitation, are also distributed in the coastal area, but the amount of TC precipitation
decreases from west to east along the coastal zone. Stations located on the Leizhou Penin-
sula have relatively greater TC precipitation in the NRS, with some stations recording TC
precipitation that exceeds 70 mm. These findings are consistent with the results reported in
the previous sections.

3.2.2. Time-Series Clustering of TC Precipitation at the Various Stations

To explore the differences in TC precipitation time series among stations for the FRS,
SRS, and NRS and for the WY, we used the k-medoids clustering algorithm to cluster the
86 meteorological stations. According to the elbow method and the silhouette coefficient,
the optimal clustering number was determined to be four. The following table shows the
basic characteristics (the maximum value, minimum value, mean value, range, standard
deviation σ, slope k, and the significance test p value) of the average time-series curve
corresponding to the four clusters of stations for the FRS, SRS, and NRS, and for the WY
Table 3. Concerning the four different periods, the TC precipitation values all increase from
Cluster 1 to Cluster 4; meanwhile, the standard deviation, which indicates the inter-annual
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variations in TC precipitation, also increase. The TC precipitation of four clusters in the
FRS all show an increasing trend with time (with a slope k greater than 0), while the TC
precipitation of the four clusters in the SRS and NRS and for the WY all show a decreasing
trend over time (with a slope k of less than 0), but none of them are statistically significant.

Table 3. Basic characteristics of the time-series mean curve of the different clusters of stations.

Cluster Max Min Mean Range σ k p

FRS

1 131.03 0 19.00 131.03 26.48 0.12 0.57
2 211.96 0 34.38 211.96 45.29 0.06 0.69
3 202.93 0 49.16 202.93 53.95 0.14 0.68
4 391.21 0 45.83 371.21 70.31 0.40 0.50

SRS

1 390.39 2.64 117.25 387.74 76.93 −0.23 0.99
2 483.24 6.29 206.07 476.95 103.67 −0.74 0.69
3 520.24 17.29 205.75 502.95 112.37 −0.79 0.51
4 738.70 31.52 308.48 707.19 162.39 −1.08 0.41

NRS

1 174.05 0 18.43 174.05 33.69 −0.28 0.21
2 272.21 0 31.61 272.21 50.96 −0.20 0.51
3 278.43 0 53.02 278.43 70.40 −0.51 0.25
4 497.00 0 37.55 497.00 80.93 −0.67 0.23

WY

1 437.92 23.31 154.74 414.61 89.07 −0.38 0.99
2 649.54 40.40 261.42 609.13 142.29 −1.17 0.70
3 701.71 81.94 333.24 619.77 148.13 −0.91 0.51
4 942.14 40.86 423.98 901.27 212.44 −1.23 0.41

Figure 10 shows the spatial distribution of the four clusters of stations in the FRS,
SRS, and NRS, and for the WY, respectively, as well as the corresponding curves of the
averaged TC precipitation time series. It is evident that the spatial distribution continuity
of the different clusters is not strong for all four periods, but the overall distribution pattern
is similar. Stations with more TC precipitation and large inter-annual fluctuations are
often distributed in coastal areas, while stations with less TC precipitation and small inter-
annual fluctuations are distributed in inland areas. There are also some differences between
the four periods. Regarding the FRS, Cluster 4, with the largest fluctuations, is mainly
concentrated in Guangzhou, Zhuhai, Shenzhen, Dongguan, and Zhongshan near the Pearl
River estuary. Regarding the NRS, Cluster 4, with the largest fluctuations, mainly appears
in Maoming and Zhanjiang in western Guangdong, and in Shanwei, Jieyang, Shantou, and
Chaozhou in eastern Guangdong, while for the SRS and the WY, Cluster 4, with the largest
fluctuations, is distributed throughout the coastal zone of Guangdong. The stations in
Cluster 4 often experienced abundant TC precipitation, but the inter-annual variation was
also quite apparent, which indicates strong uncertainty. Therefore, more attention should
be paid to these stations in terms of the practices regarding flood disaster prevention and
mitigation. However, the focus areas should be adjusted for different periods of the year
according to the results of the clustering analysis.
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In addition, the specific trend of the time series of different stations may also be
different, even when they are part of the same cluster. For example, in the case of Cluster
3 in the WY, the TC precipitation values at Huilai Station in Jieyang show a downward
trend over the past 60 years, while the precipitation values at Leizhou Station in Zhanjiang
show an upward trend. Regarding the Cluster 4 values for the WY, the TC precipitation
at Shenzhen station shows an overall upward trend over the past 60 years, while the TC
precipitation values at Lufeng station in Shanwei show a downward trend. For most of the
stations in Guangdong Province, the changes in their TC precipitation in the past 60 years
mainly comprised inter-annual fluctuations, but there was no significant increasing or
decreasing trend.

4. Discussion

In this study, we found that both the TC frequency and the TC precipitation in Guang-
dong Province showed a decreasing trend over the past 60 years. This finding is consis-
tent with those reported by most of the existing studies [15,22,23,47]. Moreover, some
studies have found that the annual TC precipitation decreased notably over southern
China, including Hainan Island, but increased significantly over southeastern and eastern
China [9,47,52–55]. This difference may be attributed to the anomalous warming of global
sea surface temperatures (SSTs) after 1995, which led to a decreased relative vorticity and
an increased vertical wind shear. These atmospheric factors resulted in the strong westerly
subtropical high pressure in the western Pacific Ocean, the weakening of the easterly flow
in the northern part of the South China Sea, and, at the same time, a significant reduction
in the water vapor intermixing along the South China region, which is unfavorable for
the movement of TCs toward the South China region [22,47,56]. Additionally, the abrupt
decrease in the annual number of TC landfalls in southern China is also related to the
abrupt decrease of TC events with westward track during the post-peak season (from
October to December), while the abrupt increase in southeastern China is related to the
abrupt increase of TC events with northwestward track during the peak season (from July
to September) [56].

Some recent studies have argued that the trend in TC precipitation in some areas
could be related to a reduction in the translation speed of TCs [55]. In this study, we
calculated the translation speed and the power dissipation index (PDI) [57] of the TCs
affecting Guangdong. The results show that there was an insignificant decreasing trend for
both these variables, but neither of them showed a correlation with the TC frequency or
with TC precipitation.

The EOF analysis suggests that there are three primary spatial distribution modes
related to the TC precipitation in Guangdong. This finding is also consistent with the
study by Luo et al., which focused on the climatic characteristics of precipitation that were
associated with the TC that landed in South China from 1960 to 2016 [22].

The use of different datasets may lead to uncertainty in the results. In this study,
the EOF analysis, spatial clustering, and time-series clustering were based on the average
values for TC precipitation over a 60-year period and the inter-annual variations in TC
precipitation. The results are therefore relatively stable. Conversely, the traditional trend
analysis may be impacted by the length of the time series. To test the validity of the study’s
conclusions, we examined the trends in TC frequency and TC precipitation when different
durations of time-series data were used. By dividing the period from 1961 to 2020 into a
10-year basis, a total of 20 time intervals can be selected, with the shortest being 10 years
and the longest being 60 years. Although most of the time intervals showed the same
decreasing trend in TC frequency and TC precipitation, only three of them, namely the
periods from 1961 to 2010, from 1971 to 2010, and from 1971 to 2020, were significant. This
indicates that the selection of a particular study period does have an impact on the trend
analysis results.

Differences in clustering methods may also have an impact on the results. A compari-
son of the attribute-based spatial clustering method used in this study with a non-attribute-
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based spatial clustering method shows that the method used in this study produces smaller
variations in precipitation at similar stations and larger variations in precipitation between
the different categories of stations. We also compared the k-medoids method used in
this paper with another temporal clustering algorithm, k-shape. We found that although
the clustering results obtained using the k-shape algorithm have better spatial continuity,
the differentiation and interpretation of the mean curves of the different categories are
worse. These comparison results prove that the clustering methods used in this study
are reasonable.

5. Conclusions

In this study, we adopted both statistical methods and cluster methods to explore the
spatiotemporal characteristics of TC precipitation in Guangdong Province from 1961 to
2020. The main conclusions are as follows:

• In the past 60 years, the TC and TC precipitation affecting Guangdong Province mainly
occurred in the SRS. The number of TCs in the FRS, SRS, and NRS, and for the WY,
along with the TC precipitation for the SRS and NRS and for the WY, all showed a
decreasing trend. Conversely, the levels of TC precipitation in the FRS showed an
increasing trend. The inter-annual fluctuations of TC frequency and TC precipitation
were apparent, exhibiting a quasi-periodic variation.

• The TC precipitation values in the FRS, SRS, and NRS and those for the WY all showed
a gradual decreasing trend from the coastal to the inland areas. Meanwhile, the
western coastal areas received more TC precipitation than the eastern coastal areas in
certain periods of the SRS and NRS and for the WY.

• The spatial variations in TC precipitation in Guangdong in the four periods over the
last six decades were quite similar, with three primary spatial modes and six patterns.
In the case of the first mode, TC precipitation in the whole province was either
consistently more than normal or consistently less than normal; in the second mode,
there was either more TC precipitation in eastern Guangdong and less in western
Guangdong, or less TC precipitation in eastern Guangdong and more in western
Guangdong; in the third mode, the TC precipitation was either more than normal in
the central region of Guangdong and there was less precipitation in the eastern and
western regions of Guangdong, or there was less precipitation in the central region of
Guangdong and more precipitation in the eastern and western regions. Among these
patterns, the spatial distribution pattern of TC precipitation being less than normal
over the whole province is the most common.

• The clustering analysis results show that stations recording more precipitation and
large inter-annual fluctuations are often distributed in coastal areas, while stations
recording less precipitation and small inter-annual fluctuations are distributed in
inland areas. However, the primary areas influenced by TCs are not the same in the
different periods. In the case of the FRS, TC precipitation was relatively higher in the
southern coastal areas of the Pearl River Delta. In the case of the NRS, the western and
eastern coastal areas of Guangdong had more TC precipitation. As for the SRS and the
WY, there was little difference in TC precipitation in the coastal areas.

This paper provides some preliminary interpretations as to the reasons underlying
the observed spatiotemporal variability of TC precipitation. However, these are far from
enough because the physical mechanisms of TC precipitation are extremely complex. In-
depth analyses of the TC precipitation processes are still needed in future studies. Moreover,
the OSAT method cannot identify precipitation that is caused by the remnants of TCs
because the analytical step of rainband identification is based on the distances between
the meteorological stations and the TC center, as well as on the distances between the
rainbands and the TC, data on which are not available after the TC’s dissipation. There
are also great challenges in identifying remote rainfall events caused by TCs, which could
produce significant rainfall amounts under certain conditions. Solutions to these problems
also need to be further explored in the future.
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