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ABSTRACT

A precipitation barycenter reflects the overall spatial distribution and long-term evolution of regional precipitation. Understanding the

changes in precipitation barycenter has significant implications for drought management, flood control, and water resource management.

This paper analyzed the distribution and transfer of monthly, interannual, and interdecadal precipitation barycenter on the Huang-Huai-

Hai Plain (‘3H’ Plain). We also discussed the influence of the station network spatial distribution on the changes in precipitation barycenter.

The results were as follows: (1) The trajectory of the monthly precipitation barycenter on the ‘3H’ Plain was generally ‘8’-shaped. The rainy

and dry season precipitation barycenters were located in the upper and lower parts of the ‘8’-shaped, respectively. (2) In the past 60 years,

the interannual precipitation barycenter had a trend of moving southwest, but the trend was not apparent. (3) Station network density and

uniformity dominated the changes in precipitation barycenter, showing positive correlations. When the station network density was large and

exceeded a certain range, the influence of station network density on the changes in precipitation barycenter decreased.
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HIGHLIGHTS

• Precipitation barycenters of the Huang-Huai-Hai Plain.

• The monthly precipitation barycenter generally follows an ‘8’-shaped movement track.

• The interannual precipitation barycenter tended to move southwest in the past 60 years.

• Precipitation barycenter relationship with the spatial distribution of station network.
1. INTRODUCTION

In recent years, as a global environmental issue, climate change has received widespread attention from society (Fu et al.
2016). The ‘3H’ Plain is one of the climatic sensitive areas in China (Rong & Luo 2009), which belongs to the warm temperate

monsoon climate. In recent decades, the spatial–temporal distributions of precipitation have been highly uneven, and
droughts and floods have occurred frequently on the ‘3H’ Plain (Zhang et al. 2015). At present, research on the spatial–
temporal variation characteristics of precipitation on the ‘3H’ Plain mainly focuses on extreme precipitation. Li et al.
(2018) analyzed the temporal variations and spatial distributions of annual average precipitation and extreme precipitation

from the perspectives of time and space on the ‘3H’ Plain. They found that the distribution of the extreme precipitation index
is similar to that of the annual precipitation index. Based on four extreme precipitation indices, Fang et al. (2018) analyzed the
spatial–temporal variation characteristics of extreme precipitation on the ‘3H’ Plain and its relationship with El Niño-

Southern Oscillation (ENSO). However, less attention has been paid to the distribution and migration of the precipitation
barycenter on the ‘3H’ Plain.

The center of gravity originally belongs to the category of classical mechanics in physics. The basic meaning is that each

part of an object is subjected to the point of gravity. In recent years, some scholars have extended the concept of the
center of gravity to the field of meteorology. Liu et al. (2012) extended it as the center of gravity of rainfall erosivity and
revealed the dynamic changes of concentrated distribution areas by studying the annual variation of rainfall erosivity in
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southwest mountainous areas. Yao et al. (2021) extended it as the drought center of gravity and studied the aridification trend

of the Huai River Basin through the trajectory of the drought center-of-gravity shift in the Huai River Basin. Chen et al. (2017),
Zhao et al. (2018), and Qian (2011) extended it as the precipitation barycenter, analyzed the distribution and migration of the
precipitation barycenter in different regions and different time scales, and revealed the degree of uneven spatial distribution of

precipitation. A precipitation barycenter is defined as the point where the moment of precipitation on the spatial plane
reaches equilibrium at a certain moment in the region (Sun et al. 2014). It can reflect the overall distribution of precipitation
in the region (Luo et al. 2015). Its distribution trend reflects the dispersion, transfer, and dominant distribution of precipi-
tation, which helps analyze the difference and balance of regional precipitation. The precipitation barycenter is calculated

by weighting the precipitation based on the location information of the station. The spatial distribution of the station network
(density and uniformity) directly affects the calculated result of the precipitation barycenter. However, current research on
the relationship between the change in the precipitation barycenter and the spatial distribution of the station network is

still lacking (Chen et al. 2017; Wu et al. 2017; Zhao et al. 2018).
Based on monthly precipitation data of the ‘3H’ Plain from 1960 to 2019, this paper analyzed the distribution and transfer

of monthly, interannual, and interdecadal precipitation barycenter in the study area and explored the relationship between

changes in precipitation barycenter and the spatial distribution of the station network using the center-of-gravity model, stan-
dard deviation ellipse, canonical correlation analysis, and other methods. It is expected to provide references for agricultural
production guarantees, disaster prevention and mitigation, and water resource allocation on the ‘3H’ Plain.

2. DATA AND METHODS

2.1. Study region

The ‘3H’ Plain is located south of Yanshan Mountains and north of Huai River (112°330 ∼ 120°17’E, 31°14’∼ 50°25’N), includ-
ing Hebei, Henan, Shandong, Anhui, Jiangsu, Beijing, and Tianjin. As the economic and cultural center of China, it is the
country’s most populous plain, with a total population of 339 million in 2019. Its gross domestic product accounts for

about a quarter of China. The ‘3H’ Plain is one of the three great plains in China. It has a low and flat terrain with many
rivers and lakes, most of which are below 50 meters above sea level. It is composed of alluvial plains of the Yellow River,
Huai River, and Haihe River and some hilly mountains.

The ‘3H’ Plain has a temperate monsoon climate and a subtropical monsoon climate, with obvious changes in the four

seasons. The summer is affected by the southeast monsoon, high temperature, and rainy. The winter is affected by the north-
west monsoon, cold, and dry. The average annual temperature and annual precipitation decrease from south to north as the
latitude increases. The average annual precipitation on the ‘3H’ Plain is 500–900 mm (Zhang et al. 2011). The precipitation

distribution is extremely uneven, and about 80% of the precipitation is concentrated in summer. With the increase of sea sur-
face temperature in the east of the equator and the central Pacific, the climate of the ‘3H’ Plain shows a warming and drying
trend (Fang et al. 2018; Wu et al. 2019). The ‘3H’ Plain is an important food production base in China. The heat is suitable for

two crops a year, and the main cultivation method is summer corn–winter wheat rotation (Yuan et al. 2019). It is the largest
growing region of summer corn and winter wheat in China (Yang et al. 2015). The spatial distribution of meteorological
stations on the ‘3H’ Plain is shown in Figure 1.

2.2. Data sources

The monthly meteorological data of the 215 stations in the study area from 1960 to 2019 are from the China Meteorological

Administration. The data have been quality-controlled and the quality is good. The data used in the study have no missing
values.

2.3. Methods

2.3.1. Center-of-gravity model

As a physics concept, the center of gravity is derived from classical mechanics. The basic meaning refers to the point where
each part of an object is affected by gravity. The concept of the center of gravity is extended to the regional center of gravity.
The regional center of gravity is also called the spatial mean, which is the extension of the sample average in two-dimensional

space. In the spatial dimension, the regional center of gravity reflects the degree of agreement between regional development
indicators and centroid analysis, which is convenient to analyze the fluidity and aggregation of regional elements in space. In
the time dimension, the dynamic change of regional center of gravity indicates the contrast and transfer of regional element
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Figure 1 | Spatial distribution of meteorological stations on the ‘3H’ Plain.
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distribution, which is helpful to deepen the course, state, and trend of regional development. The regional center of gravity is

usually calculated by the center-of-gravity model.
In recent years, the center-of-gravity model has been widely used in hydro-climate, ecological environment, economic, and

social fields, including precipitation barycenter, pollution centers of gravity, and population centers of gravity (Gao & Liu

2006; Barmpas et al. 2017; Chen et al. 2017). To analyze the difference and balance of macro-precipitation on the ‘3H’

Plain, the center-of-gravity model is introduced to analyze the accumulation, migration, and dominant distribution of precipi-
tation. The precipitation barycenter of the area is calculated as follows:

X ¼

Pn
i¼1

xiPi

Pn
i¼1

Pi

, Y ¼

Pn
i¼1

yiPi

Pn
i¼1

Pi

(1)

where X and Y are the longitude and latitude coordinates of the precipitation barycenter; xi and yi are the longitude and lati-

tude coordinates of the ith meteorological station; and Pi is the precipitation of the ith meteorological station.
2.3.2. Standard deviation ellipse

The standard deviation ellipse method was first proposed by Professor Lefever in 1926. This method can analyze the direc-
tionality and dispersion of the precipitation barycenter point group, and the result is an ellipse similar to its name. The major

and minor axes of the ellipse indicate the direction and range of the point group distribution, respectively. The greater the
difference between the major axis and the minor axis is (i.e., the greater the oblateness), the more obvious the directionality
of the point group. Conversely, if the lengths of the major axis and the minor axis are more nearly equal, the directionality of

the point group is less obvious. The longer the minor axis is, the greater the degree of dispersion of the point group. For a
cluster of precipitation gravity points in a certain period, the standard deviation ellipse method can be used to analyze its
directionality and distribution trend. The main calculation is described as follows (Yuan et al. 2020):
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1. The center of the ellipse is determined:
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2. The direction angle of the ellipse u is determined:
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3. The lengths of the major and minor axes of the ellipse are determined:
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where Xi and Yi are the latitude and longitude coordinates of the precipitation barycenter; SDEx and SDEy are the center
coordinates of the ellipse; ~Xi and ~Yi are the differences between the arithmetic mean of the coordinates of the precipitation
barycenter and the coordinates of the precipitation barycenter; sx and sy are the lengths of the major and minor axes of the

ellipse, respectively; and N is the number of precipitation barycenters.

2.3.3. Canonical correlation analysis

In 1936, the mathematician Hotelling further promoted the concept of the correlation coefficient, studied the correlation

between two sets of multidimensional variables, and proposed the canonical correlation analysis theory (Zhuang et al.
2020). The basic idea of canonical correlation analysis is dimensionality reduction (Robertson et al. 2001), which reduces
the two sets of high-dimensional data to one-dimensional. We obtain a number of comprehensive indicators from each set

of variables. These comprehensive indicators are linear combinations of variables. The purpose is to reduce the two sets
of high-dimensional data to one-dimensional. The specific implementation process is to construct a covariance matrix, use
the eigenvalues and eigenvectors of the matrix to obtain typical variables, and finally study the correlation. Canonical corre-

lation represents the closeness between theoretical precipitation barycenter and approximate true precipitation barycenter in
the spatial distribution of different station networks.

3. RESULTS AND DISCUSSION

3.1. Distribution characteristics of precipitation barycenters

We used the monthly average precipitation at 215 stations from 1960 to 2019, determining the monthly precipitation bary-
center of the ‘3H’ Plain. We plotted the migration track of the monthly precipitation barycenter on the ‘3H’ Plain

(Figure 2) and observed the movement direction and distance for each month relative to those of the previous month
(Table 1). It can be seen from Figure 2 that the monthly precipitation barycenters on the ‘3H’ Plain are mainly distributed
in Jining city, Shandong Province, and Suzhou city, Anhui Province, which are between 34°150 and 35°580N and 116°100

and 116°350E. By the month, the precipitation barycenter in April moves the farthest. Compared to the barycenter in
March, the precipitation barycenter moves 70.32 km to the northwest. The precipitation barycenter in May moves the smal-
lest distance. Compared to the barycenter in April, the precipitation barycenter moves 8.17 km to the northeast. We observed
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Figure 2 | Migration track of monthly precipitation barycenter on the ‘3H’ Plain.

Table 1 | Movement direction and distance of monthly precipitation barycenter on the ‘3H’ plain

Time

Precipitation barycenter (°)

Movement direction Movement distance (km)Longitude Latitude

January 116.57 34.26 Southeast 28.49

February 116.46 34.54 Northwest 32.63

March 116.35 34.52 Southwest 9.98

April 116.22 35.14 Northwest 70.32

May 116.23 35.22 Northeast 8.17

June 116.34 35.53 Northeast 35.89

July 116.32 35.84 Northwest 34.06

August 116.31 35.96 Northwest 13.82

September 116.23 35.38 Southwest 64.41

October 116.15 35.33 Southwest 9.99

November 116.32 34.89 Southeast 51.26

December 116.48 34.50 Southeast 45.45
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distinct movements of precipitation barycenters across months. The precipitation barycenters in February, April, July, and

August move to the northwest. The precipitation barycenters for the three consecutive months of November, December,
and January move to the southeast. The precipitation barycenters in March, September, and October move to the southwest.
://iwaponline.com/jwcc/article-pdf/doi/10.2166/wcc.2021.353/941433/jwc2021353.pdf



Journal of Water and Climate Change Vol 00 No 0, 6

corrected Proof

Downloaded fr
by guest
on 30 Novemb
By the season, the movement direction of the precipitation barycenter varies greatly in the four seasons. In spring (March–

May), the movement direction of the precipitation barycenter changes considerably; there is no main direction, and the cumu-
lative movement distance is 88.47 km. In summer (June–August), the precipitation barycenter mainly moves 83.77 km to the
northwest, and the cumulative movement distance is the smallest. In autumn (September–November), the precipitation barycen-

ter mainly moves 125.66 km to the southwest, and the cumulative movement distance is the largest. In winter (December–
February), the precipitation barycenter mainly moves to the southeast, with a cumulative distance of 106.57 km. The trajectory
of the monthly precipitation barycenter is generally ‘8’-shaped. In the rainy season (May–October), the precipitation barycenters
are in the upper part of the ‘8’-shaped and are relatively concentrated, moving 166.34 km cumulatively. In the dry season

(November–April), the precipitation barycenters are in the lower part of the ‘8’-shaped, and the distribution of the precipitation
barycenters is relatively scattered, with a cumulative movement of 238.13 km. The above-mentioned migration pattern of the
monthly precipitation barycenter is closely related to the precipitation amounts at the stations and their latitude and longitude

positions. The precipitation on the ‘3H’ Plain is primarily affected by the monsoon circulation, and the intensity of the influence
of the monsoon circulation also plays an important role in the regional precipitation distribution (Zhang et al. 2020). The rainy
season and the dry season are located at the upper and lower parts of the ‘8’-shaped, respectively. The northern part of the ‘3H’

Plain has more rain in the rainy season and less rain in the dry season, which is prone to droughts and floods. Therefore, Beijing,
Tianjin, and Hebei should strengthen the monitoring and early warning of drought and flood disasters. In the rainy season,
preventive technical advice can be formulated to clear the gullies in advance to prevent large-scale waterlogging. In the dry

season, artificial rainfall can be carried out to ensure agricultural production.
To further analyze the direction and dispersion of the monthly precipitation barycenters on the ‘3H’ Plain, we created a

first-level standard deviation ellipse for 12 precipitation barycenters. The direction of the standard deviation ellipse is
15.1° west by north. The major axis of the ellipse is located in the northwest-southeast direction. The minor axis of the ellipse

is oriented in the southwest-northeast direction, and the oblateness is 0.86. These results show that the monthly precipitation
barycenters are less dispersed in the southwest-northeast direction than in the northwest-southeast direction, and the distri-
bution of monthly precipitation barycenters is apparent.

3.2. Distribution characteristics of interannual and interdecadal precipitation barycenters

To analyze the distribution and transfer of the precipitation barycenter on the ‘3H’ Plain from 1960 to 2019, the latitude and

longitude coordinates of precipitation barycenters were calculated with the annual precipitation as the weight. We drew a
map of the migration track of precipitation barycenter from 1960 to 2019 (Figure 3). Figure 3 shows that the 60 interannual
precipitation barycenters are distributed in Jining city and Tai’an city, Shandong Province. To quantitatively analyze the direc-
tion trend and clustering of the precipitation barycenters, we created a first-order standard deviation ellipse with 60

precipitation barycenters. The direction of the standard deviation ellipse is 1.0° west by north, and the oblateness of the ellipse
is 0.68. It shows that the interannual precipitation barycenters on the ‘3H’ Plain are distributed in the south-north direction.
The average annual precipitation is more in the south and less in the north on the ‘3H’ Plain. The average annual precipi-

tation in the southern region exceeds 950 mm (Yi et al. 2017), and the weight of precipitation is higher. In addition, the
‘3H’ Plain has a large latitude span and is affected by the East Asian summer monsoon. The above causes the spatial distri-
bution pattern of the interannual precipitation barycenters to show a north-south direction. We analyzed the changes in the

longitude and latitude coordinates of the interannual precipitation barycenters on the ‘3H’ Plain in the past 60 years (Figure 4)
and verified the significant changes by the Mann–Kendall method (Jia et al. 2018). The results show that the longitude and
latitude coordinates of the interannual precipitation barycenters on the ‘3H’ Plain show a decreasing trend from 1960 to

2019, but none of them pass the 90% significance test of reliability. Therefore, the interannual precipitation barycenter on
the ‘3H’ Plain has moved to the southwest in the past 60 years, but the overall trend is not obvious. The concept of the
center of gravity determines that the distribution of the precipitation barycenter will tend to the area with more precipitation.
It also verifies the conclusion that the spatial distribution of precipitation is increased in the southwest and decreased in the

northeast on the ‘3H’ Plain (Tian et al. 2019). The precipitation barycenter on the ‘3H’ Plain moves to the southwest. It may
have exacerbated the drought and water shortage in Beijing, Tianjin, and Hebei province, and increased the water supply
pressure on the South to North Water Diversion Project.

We used the center-of-gravity model to calculate the precipitation barycenter in the 1960s, 1970s, 1980s, 1990s, 2000s, and
2010s. The six decadal precipitation barycenter distributions and movement tracks are shown in Figure 5. The changes in the
precipitation barycenter in the six different decadal periods are not particularly significant, and all are located in western
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Figure 3 | Migration track of precipitation barycenter on the ‘3H’ Plain from 1960 to 2019.

Figure 4 | Changes in the longitude (a) and latitude (b) coordinates of the precipitation barycenters from 1960 to 2019.
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Jining city, Shandong Province. The positions of the precipitation barycenter in the 1960s and 1970s are close, and the pre-
cipitation barycenter moves only 5.53 km to the northwest. From the 1970s to the 1980s, the precipitation barycenter moves
16.46 km to the southwest. The precipitation barycenter moves 7.4 km to the northeast from the 1980s to the 1990s. Com-

pared with the other five decadal locations, the precipitation barycenter in the 2000s shifts the most. During this period,
the ‘3H’ Plain has more precipitation, with an average annual precipitation of 692 mm. The large shift in the precipitation
barycenter to the south indicates that the increase in precipitation in the northern part of the ‘3H’ Plain is smaller than
that in the southern part. From the 2000s to the 2010s, the precipitation barycenter moves 23.5 km to the northeast,

which is the longest distance in the six decades.
The distribution and shift of the precipitation barycenter on the ‘3H’ Plain are mainly affected by geographic location, topo-

graphic conditions, and atmospheric circulation. The geographic location and topographic conditions can be considered

constant factors, but there are interdecadal variations in atmospheric circulation (Zhang et al. 2003). Therefore, the geo-
graphic location determines the average position of the precipitation barycenter on the ‘3H’ Plain (Zhong 2020). The
interaction between topographic conditions and atmospheric circulation promotes the migration of precipitation barycenter
://iwaponline.com/jwcc/article-pdf/doi/10.2166/wcc.2021.353/941433/jwc2021353.pdf



Figure 5 | Migration track of interdecadal precipitation barycenter on the ‘3H’ Plain.
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on the ‘3H’ Plain to a certain regularity. As the signal with the strongest interaction between the ocean and the atmosphere in

the world, ENSO is a key factor that causes the abnormal water vapor transport in the East Asian summer monsoon and the
occurrence of droughts and floods (Zhang et al. 2013). ENSO affects the western Pacific subtropical high, which in turn
affects the water vapor transport in the western Pacific, and thus has an effect on precipitation on the ‘3H’ Plain (Mei

et al. 2018). The subtropical high is northerly, and the summer monsoon is stronger (Susilo et al. 2013). The ‘3H’ Plain
has more precipitation, and vice versa. In addition, the distribution of precipitation barycenter tends to the regions with
more precipitation, and precipitation barycenter on the ‘3H’ Plain has been moving to the southwest in the past 60 years.

Therefore, the precipitation barycenter may play a certain indicator role in the variation of the northwest monsoon and
the East Asian monsoon.

3.3. Relationship between precipitation barycenter and the spatial distribution of station network

We analyzed the influence of the spatial distribution of the station network on the precipitation barycenter. In station net-
work planning, the method of extracting stations is often used to study the rationality of station network layout (Lian
et al. 2018). The precipitation barycenter calculated by 215 meteorological stations is called the approximate true value.

Based on the principle of station extraction and considering the rationality of minimum density (we ensured that most
cities on the ‘3H’ Plain must select at least one site) and uniformity, 20 is determined to be the minimum number of stations
in the station network, and 20, 30, 50, 70, 90, 110, 130, 150, 170, 190, and 200 stations are randomly selected 10 times to form

11 types of 110 station network distributions. The control area of each station is obtained by the Tyson polygon method. The
uniformity index formula is introduced to calculate the distribution uniformity of each group of station networks (Cheng &
Zhang 2017). The precipitation barycenter in each year under the spatial distribution of different station networks is taken as
the theoretical value. Canonical correlation analysis can extract the typical variables and their canonical correlation coeffi-

cients that pass the significance test from the multidimensional variable group of the approximate true value and theoretical
value of the annual precipitation barycenter. The canonical correlation coefficient reflects the closeness between the theor-
etical value and the approximate true value. The larger the canonical correlation coefficient, the closer the theoretical value

of the precipitation barycenter is to the approximate true value.
Figure 6 is a scatter plot of 110 sets of station network uniformity and corresponding typical correlation coefficients under

different station network densities. Figure 6(a) shows that the canonical correlation coefficients generally show an upward
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Figure 6 | Variations in canonical correlation coefficients under different meteorological station uniformities.
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trend, as the uniformity of the station network increases. This indicates that the more uniform the station network is, the
larger the canonical correlation coefficient and that the calculated precipitation barycenter is close to the approximate

true value. In addition, when the station network density is low, the points in the graph are scattered, and the corresponding
canonical correlation coefficient is small. When the density of the station network increases, the points in the figure are
denser, and the corresponding canonical correlation coefficient is larger. When the station network density is large, the
station network uniformity has less influence on the fluctuation range of the canonical correlation coefficient. When

the station network density is low, the station network uniformity significantly influences the fluctuation range of the cano-
nical correlation coefficient. To further analyze the influence of station network uniformity on the changes in the
precipitation barycenter under the same station network density, we selected the distribution of 10 groups of station networks

with 30 stations having a large uniformity change and analyzed the station network uniformity and its corresponding cano-
nical correlation coefficient (Figure 6(b)). With increasing station network uniformity, the canonical correlation coefficient
shows an overall upward trend. The station network uniformity under the same station network density has a positive cor-

relation with the changes in the precipitation barycenter. To show more intuitively the influence of station network
uniformity on the precipitation barycenter, we took the precipitation barycenter in 2019 as the research object and calculated
the distance between the theoretical value of the precipitation barycenter and the approximate true value under different

meteorological station uniformities. We drew a scatter diagram of the uniformity of 110 sets of station networks and their
corresponding distances (Figure 7). Figure 7 shows that as the uniformity of the station network increases, the distance
between the theoretical value of the precipitation barycenter and the approximate true value generally decreases. It shows
that the more uniform the distribution of the station network, the closer the calculated precipitation barycenter is to the

approximate true value.
Figure 7 | Change of the distance between the theoretical value of the precipitation barycenter and the approximate true value under
different meteorological station uniformities.
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Figure 8 | Changes in canonical correlation coefficients (a) and standard deviation ellipse movement track (b) under different station network
densities.
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We selected 11 groups of station network distributions with different densities and similar station network uniformity and

drew scatter plots of the number of stations and their corresponding canonical correlation coefficients (Figure 8(a)). We drew
the first-level standard deviation ellipse of the precipitation barycenter under different station network densities (Figure 8(b)).
Figure 8(a) shows that as the density of the station network increases, the canonical correlation coefficients show an upward

trend. The increasing trend of the canonical correlation coefficient in the 20–70 site group is large, and the increase in the
canonical correlation coefficient tends to flatten beyond the 70 site group. For a similar station network uniformity, the
greater station network density is associated with larger corresponding canonical correlation coefficient and the calculated

precipitation barycenter is closer to the approximate true value. When the station network density exceeds a certain range,
the influence of station network density on the change in precipitation barycenter decreases. Figure 8(b) shows that the
spatial gap for the precipitation barycenter in the same year under different station network densities can reach tens of kilo-

meters, and the directivity and dispersion of the precipitation barycenter point group are somewhat different. The standard
deviation ellipse of precipitation barycenters is mainly between 35°40 and 36°170N and 116°80 and 116°280. Besides, as the
density of the station network increases, the standard deviation ellipse of the precipitation barycenter generally moves to
the south. The direction of the ellipse fluctuates approximately 2° to the west of north, with a small fluctuation range, and

the spatial distribution is generally oriented in the north-south direction. Affected by the East Asian monsoon, the annual
average precipitation on the ‘3H’ Plain is more in the south and less in the north, and the weight of precipitation in the
south is higher. The southern part of the ‘3H’ Plain occupies a larger area and has more meteorological stations. These

may have caused the standard deviation ellipse of the precipitation barycenters to gradually move to the south.
4. CONCLUSION

1. The spatial distribution pattern of the monthly precipitation barycenters was oriented in the northwest-southeast direction
with obvious directionality. The monthly precipitation barycenter generally followed an ‘8’-shaped movement track, and its
upper and lower parts corresponded to the rainy and dry seasons, respectively.

2. The interannual precipitation barycenters on the ‘3H’ Plain were distributed in Jining city and Tai’an city. The interannual

precipitation barycenter had a trend of moving southwest, but the trend was not apparent. The position of the precipitation
barycenter in the 2000s had the largest deviation compared to the other five decades.

3. The changes in the precipitation barycenter were correlated with the spatial distribution of the station network. If using a

more uniform station network distribution and a greater station network density, the canonical correlation coefficient is
larger, and the calculated precipitation barycenter is closer to the approximate true value. With similar station network
uniformity, when the station network density exceeded a certain range, the influence of station network density on the

changes in precipitation barycenter decreased.
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