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ABSTRACT PM2.5 pollution influences the population health and people’s daily life. Because meteorologi-
cal factors are main factor affecting the formation of PM2.5, the interaction between PM2.5 and meteorolog-
ical factors needs to be better understood, both for air quality management and for PM2.5 projection. Here,
we use a nonlinear state space method called the convergent cross mapping method to identify the complex
coupling patterns between PM2.5 and meteorological factors in a plateau city: Xining. The results prove that
PM2.5-meteorological coupling patterns change with seasons and PM2.5-meteorological coupling patterns
are fixed in spring, autumn and winter. There is no fixed pattern in summer. In spring, there is a negative
unidirectional effect from precipitation to PM2.5 and a negative bidirectional effect between relative
humidity and PM2.5. In autumn, there are some negative bidirectional effects between PM2.5 and relative
humidity, precipitation, and air pressure, while solar radiation has a positive bidirectional effect on PM2.5.
In winter, there are negative bidirectional couplings between PM2.5 and wind speed and temperature and
a positive bidirectional coupling between relative humidity and PM2.5. Furthermore, relative humidity is a
consistent driving factor affecting PM2.5. Most of the time, air quality managers may alleviate PM2.5 by
increasing relative humidity. Thus, the results provide a meteorological means for improving air quality in
plateau cities.

INDEX TERMS Nonlinear state space, coupling, PM2.5, meteorological factors, plateau cities.

I. INTRODUCTION
PM2.5 refers to a category of particulate pollutant that is
2.5µm or smaller in size. PM2.5 pollution pose a serious
threat to the health of the population. Long-term or short-term
exposure to PM2.5 concentrations can cause health problems.
Long-term exposure is associated with cardiovascular, infant
mortality and the risk of disability in daily activities among
the elderly [1], [2]. Short-term exposure can affect patients
with COPD, pneumonia and other respiratory diseases [3].
PM2.5 pollution also influence people’s life, because PM2.5
concentrations cause serious visibility problems [4]. The
poor visibility may lead to more traffic accidents. In addi-
tion, PM2.5 population brings some other environmental
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problems [5], such as making lakes and streams acidic,
changing the nutrient balance in coastal waters and large river
basins and so no. Therefore, to solve the PM2.5 pollution is
essential for the prevention of medical accidents due to air
pollution.

Because atmospheric conditions are one of the main fac-
tors affecting the formation of PM2.5 concentrations, Air
quality managers may attempt to alleviate PM2.5 through
meteorological means. Meanwhile, some scholars have noted
that physical-chemical models such as chemical transport
models were effective for predicting PM2.5 concentrations
by PM2.5-meteorological interactions. However, it is diffi-
cult to adjust their parameters for different regions or select
proper parameters for different meteorological factors from
first principles [6], [7]. In this way, they need more informa-
tion to guide parameter adjustment. Therefore, clarifying the
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complex nonlinear coupling between multiple meteorologi-
cal factors and PM2.5 concentrations is of great theoretical
significance and practical value for the PM2.5 prediction and
for the decision-making of government for the environmental
management [8], [9].

Most studies have emphasized the direct effect of meteoro-
logical factors (e.g., temperature, humidity, wind, precipita-
tion and water vapor pressure) on PM2.5 concentrations. For
example, Tran and Mölder [10] noted that wind, temperature
and moisture (water vapor pressure and relative humidity)
could influence PM2.5. Kleine Deters et al. [11] thought
that the prediction of PM2.5 concentrations was from wind
(speed and direction) and precipitation. Wang et al. [12]
believed that wind direction and relative humidity were the
two main meteorological factors affecting PM2.5 concen-
trations. DeGaetano and Doherty [13] and Yin et al. [14]
reported that temperature, relative humidity and wind speed
were correlated with PM2.5 concentrations. Actually, there
are interactions among meteorological factors, so that some
meteorological factors have indirect influence on PM2.5.
However, the complex nonlinear causal coupling between
meteorological factors and PM2.5 concentrations is unclear.

Meanwhile, some scholars [15]–[17] found that the PM2.5
concentrations had feedbacks to meteorological factors.
Zhong et al. [18] pointed that Elevated PM2.5 concen-
trations could reduce surface temperature by back scatter-
ing short wave solar radiation. Yang et al. [19] explained
how PM2.5 negatively influenced the formation of winds.
Zhao [20] revealed PM in the high-humidity environment
tended to physicochemical reactions, which further affected
PM. Therefore, exploring the complex nonlinear causal cou-
pling patterns is more advantageous to understand the rela-
tionship between PM2.5 concentrations and meteorological
factors.

Previous studies have examined the correlation analysis
and attribution analysis between PM2.5 and meteorological
factors [21]–[23]. However, what we need to explore is a
nonlinear coupling causality. Correlation, regression meth-
ods, and GAMswere used to study PM2.5-meteorology inter-
actions. Among these methods, correlation cannot determine
whether there is a causal relationship between two variables
and cannot identify the direction of causation transitivity.
Regression methods, which assume that the data are station-
ary or in linear space, are often used to analyze the relation-
ship between PM2.5 and meteorological factors in nature.
However, nature is a typical non-stationary and nonlinear
space. Thus, we need a nonlinear state space method to quan-
tify the coupling between PM2.5 concentrations and meteo-
rological factors. Some studies have noted that GAMs could
solve this problem, but they could not quantify the individual
influence of meteorological factors on PM2.5 [24], [25].

For causality analysis, Granger causality (GC) is a classic
test to identify the causality [26]. Li et al. [27] found that eco-
nomic growth, industrialization and urbanization in-creased
PM2.5 concentrations in the long run using GC. Sfetsos
and Vlachogiannis [28] applied GC to quantify the causality

between meteorological factors and PM. Actually, the key
requirement of GC is separability, which means that GC
is suitable for the stochastic and linear systems. GC test
may fail to detect weak coupling between meteorological
factors and PM2.5 concentrations. Therefore, we could use
the convergent cross-mapping method. Sugihara et al. [29]
provided a new method called convergent cross-mapping
(CCM) to reveal the nonlinear coupling causality between
multiple meteorological factors. Compared with the above-
mentioned methods, such as GAMs, linear regression model,
this method can quantify the individual influence of mete-
orological factors on PM2.5 concentrations and describe the
coupling between multiple meteorological factors and PM2.5
concentrations.

Convergent cross-mapping (CCM) has been successfully
applied in PM2.5-meteorological interactions. Some stud-
ies [30], [31] filtered the original dataset and extracted the
predictors through CCM for forecasting the PM2.5 con-
centrations. Furthermore, Lin demonstrated the significantly
causative influence of PM2.5 concentrations on reference
evapotranspiration in the Jing-Jin-Ji region [32]. Chen used
CCM to examine the causal relationship between PM2.5
and meteorological factors in the Jing-Jin-Ji region [33] and
some megacities across China [34]. They mainly compared
the individual influence of meteorological factors on PM2.5
in different scales and find the main meteorological factors
in different regions and seasons. As mentioned above, the
quantitative coupling patterns between meteorological fac-
tors and PM2.5 concentrations is unclear. In this study, based
on CCM, we mainly identify the complex nonlinear coupling
networks in different seasons.

Additionally, most studies on the PM2.5 have focused
on the non-plateau areas and not on the Tibetan Plateau
(TP) [35], [36]. Recently, the Tibetan Plateau has also been
impacted by aerosol pollution [20], [37]. The main resources
are biomass burning and the transport of pollution from the
nearby regions of Southeast Asia and the northern part of the
Indian Peninsula. As the largest-scale andmost populated city
on TP, Xining also have experienced PM2.5 pollution and
facedwith critical public health challenge due to the relatively
high PM2.5 concentrations, population exposure, vulnerabil-
ity, slight awareness and high-37altitude conditions.

In this paper, we used a nonlinear state space method called
CCM. Based on this method, we obtained the coupling pat-
terns between meteorological factors and PM2.5 in Xining.
The main results we acquired were (a) the temporal and
spatial characteristics of PM2.5 concentration in Xining in
2019, (b) the individual influence of meteorological factors
on PM2.5 in Xining in 2019, and (c) the coupling pattern
between PM2.5 and meteorological factors in different sea-
sons in Xining in 2019.

Specifically, section 2 introduces the study area, defines
the data sources and ex-plains the research methods.
Section 3 presents our results. Section 4 discusses some
uncertainties. Finally, chapter 5 presents the conclusions and
prospects.
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FIGURE 1. Geographical locations of PM2.5 stations and DEM in Xining.

II. MATERIALS AND METHODS
A. STUDY AREA
Xining, the capital city of Qinghai Province, is located in
the northeastern part of the Tibetan Plateau, with an average
altitude of 2,261.2 m. It belongs to the plateau continental
climate, with low air pressure, a large day-night tempera-
ture difference, less rainfall, long sunshine, and strong solar
radiation. It is the largest city in the region and hosts the
main economic and social activities on the Tibetan Plateau.
With a permanent resident population of 2,387,000, it is the
only central city on the Tibetan Plateau with a population
greater than one million. The urban area of Xining is located
at the confluence of the Huangshui River, Nanchuan River,
and Beichuan River. It is surrounded by mountains and forms
a cross valley. In general, the terrain is high in the northwest
and low in the southeast.

As Figure 1 demonstrates, the four meteorological stations
in this study are all located in southeastern Xining, among
which three stations (Municipal Environmental Monitoring
Station (SHJJCZ), Chengbei District Government (CBQZF)
and Silu Hospital (SLYY)) are located in the urban area of
Xining, and one station (Fifth Water Plant, DWSC) is located
in the suburbs.

B. DATA COLLECTION
As Table 1 shows, meteorological data were acquired from
the China Meteorological Data Sharing Service System
(http://data.cma.cn/). We studied eight kinds of meteorolog-
ical factors: precipitation (PRE), wind speed (WS), wind
direction (WD), pressure (PRS), temperature (TEM), water
vapor pressure (e), sunshine duration (SSD), and relative
humidity (RH). These factors were further categorized into
subfactors. Precipitation is the total precipitation from 20pm–
20pm. Wind speed includes the extreme wind speed (WSex),
maximum wind speed (WSmax), wind speed and an average
maximum wind speed of 2 minutes (WSmean2mins). The
wind direction includes the maximum wind speed of the
wind direction (WDex) and the maximum wind speed direc-
tion (WDmax). Pressure includes the daily mean pressure
(PRSmean), daily maximum pressure (PRSmax), and daily

TABLE 1. Introduction to data.

minimum pressure (PRSmin). Temperature includes the daily
mean temperature (TEMmean), daily maximum tempera-
ture (TEMmax) and daily minimum temperature (TEMmin).
Water vapor pressure is the mean water vapor pressure. Solar
radiation is represented by the daily sunshine duration (SSD).
Relative humidity includes the daily mean relative humidity
(RHmean) and daily minimum relative humidity (RHmin).

Daily PM2.5 concentration data were obtained from
Qingyue Open Environmental Data Center (https://data.
epmap.org) from March 15, 2019, to March 15, 2020
(Table 1). This website provided PM2.5 data for each
city by station in China. This study extracted PM2.5
data from four country-controlled stations in Xining
(Chengbei District Government, PM2.5_CBQZF; Silu
Hospital, PM2.5_SLYY; Municipal Environmental Mon-
itoring Station, PM2.5_SHJJCZ; and Fifth Water Plant,
PM2.5_DWSC).

C. METHODS
This paper focuses on the key scientific problem of coupling
patterns between PM2.5 concentrations and meteorological
factors in different seasons in Xining. First, we obtained
the PM2.5 station data and meteorological data in Xining
and illustrated the spatiotemporal characteristics of PM2.5
concentrations in Xining in 2019. Second, based on the
Pearson correlation coefficient, we screened the significant
meteorological sub-factors and acquired positive or negative
correlations. Third, we used the causality CCM method to
distinguish the spatiotemporal individual influence of mete-
orological factors on PM2.5 in Xining in 2019 and identified
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FIGURE 2. Framework of the study.

the coupling patterns between PM2.5 concentrations and
meteorological factors in different seasons, which is benefi-
cial for providing a scientific basis and theoretical sugges-
tions for improving the air quality of Xining (Figure. 2).

1) CORRELATION ANALYSIS
The Pearson correlation coefficient was used to measure the
correlation between meteorological factors and PM2.5 con-
centrations [38]. There were two problems to solve: the first
was whether there was a correlation between each meteoro-
logical factor and the PM2.5 concentrations, and the second
was what kind of correlation it was, that is, a positive or a
negative correlation.

2) CONVERGENT CROSS-MAPPING (CCM)
After finding the correlations, we needed a nonlinear state
space method to identify the coupling between PM2.5 and
meteorological factors. Fortunately, Sfetsos and Vlachogian-
nis [28] proposed the convergent cross-mapping (CCM)
method. This is a method that can identify the coupling rela-
tionships (network) among individual variables in a complex
system. The main algorithm of CCM is as follows. Con-
sider two time series of length L, {X}={X(1),X(2),. . . ,X(L)},
{Y}={Y(1),Y(2),. . . ,Y(L)}. In this study, there were tem-
poral variations in the meteorological factors and PM2.5
concentrations. The goal was to determine the causality

between {X} and {Y} and identify what direction the cou-
pling was (unidirectional causality/bidirectional causality).
Take cross-mapping from X to Y as an example. First,
we formed the lagged-coordinate vectors x (t) = 〈X (t),
X (t − τ ),X (t − 2τ ), . . . ,X (t − (E − 1)τ )〉 for t=1+(E-1)
to t=L. This set of vectors was defined as the ‘‘recon-
structed manifold’’ or ‘‘shadow manifold’’ MX . Next,
we needed to generate a cross-mapped estimate of Y(t),
denoted by Ŷ (t) |MX , by locating the contemporaneous
lagged-coordinate vector on MX and finding its E+1 nearest
neighbors. E+1 is the minimum number of points needed for
a bounding simplex in an E-dimensional space. We used the
distance wi, generated by the E+1 nearest neighbors on MX ,
to weight Y (ti) and obtain the estimate Ŷ (t) |MX . Finally, the
skill of the cross-map estimate (indicated by the correlation
coefficient ρ value between observed and predicted), which
ranged from 0 to 1, revealed the quantitative causality of X
on Y. After obtaining the ρ value among multiple factors,
we drew the coupling network among them. In this way,
we acquired the coupling pattern between PM2.5 and meteo-
rological factors.

Ŷ (t) |MX =
∑

wiY (ti) ; i = 1 . . .E + 1 (1)

where wi = ui/
∑

uij=1. . .E+1, ui = exp{−d[x (t) , x (ti)]/
d[x (t) , x (t1)]}.d

[
x (t) , x (ti)

]
represents the Euclidean dis-

tance between two vectors.
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FIGURE 3. Spatial and seasonal characteristics of PM 2.5 concentration in
Xining. DWSC represents fifth water plant PM2.5 station. SHJJCZ
represents municipal environmental monitoring station PM2.5 station,
CBQZF represents Chengbei District Government PM2.5 station and DLYY
represents Silu Hospital PM2.5 station.

The convergent cross-mapping algorithm is a backward-
looking pattern. It examines the relationship between the
current states and predicts the current Y rather than predicting
the future value of Y based on the current X. To summarize,
if variable Y from variable X by using the historical data is
more reliable, the quantitative causality of variable X on the
variable Y will be the stronger result.

III. RESULTS
A. SPATIAL AND TEMPORAL CHARACTERISTICS OF PM2.5
We used daily PM2.5 concentration data for the study period
fromMarch 15, 2019, to March 15, 2020, from the four state-
controlled stations in Xining for analysis. Previous studies
proved that PM2.5 in China has spatial and seasonal varia-
tions [39]–[41]. According to the mean temperature and the
heat time of Xining, the period from October 15 to March 14
was defined as winter. Spring was defined from March 15
to May 31. Autumn was defined from August 16 to Octo-
ber 14. Summer was defined from June 1 to August 15.
Therefore, we calculated the average daily PM2.5 concentra-
tions of each season at the 4 stations and visualized them in
Figure 3.

Figure 3 shows that at the four stations, the average PM2.5
concentrations in winter were the highest (over 35µg/m^3),
followed by those in spring, because central heating occurs
from October 15 to April 15 of the following year and burns
coal, releasing more air pollutants. Compared with different
stations, the mean PM2.5 concentrations at the suburban site
FifthWater Plant (DWSC)were the lowest in spring, summer,
and autumn.

B. CORRELATION BETWEEN METEOROLOGICAL FACTORS
AND PM2.5
Some studies have noted that precipitation, relative humidity,
and temperature were related to air quality in Xining [42].
In addition, previous studies [33], [22], [43], [44] have shown
some influences of radiation, air pressure, wind speed, wind
direction and water vapor pressure on PM2.5. To more com-
prehensively analyze the impact of meteorological factors on
PM2.5, we examined precipitation, relative humidity, tem-
perature, radiation, air pressure, wind speed, wind direction

FIGURE 4. Seasonal correlations between individual meteorological
factors and PM2.5 concentrations for different stations. ∗∗Correlation is
significant at the 0.01 level (2 tailed); ∗Correlation is significant at the
0.05 level (2 tailed). Red squares show positive correlations, and blue
squares show negative correlations.

and water vapor pressure. In the last chapter, these fac-
tors were further categorized into subfactors: precipitation,
wind speed (extreme wind speed, maximumwind speed wind
speed, an average of 2 minutes maximum wind speed), wind
direction (maximum wind speed of the wind direction, the
maximum wind speed direction), pressure (average pressure,
low pressure, high pressure), temperature (mean temperature,
maximum temperature and minimum temperature), water
vapor pressure, solar radiation (daily sunshine duration) and
relative humidity (average relative humidity, minimum rela-
tive humidity).

According to the division of seasons, we obtained the
correlation analysis results in Figure 4. The meteorological
factors strongly correlated with PM2.5 concentrations were
extracted from each station. The correlation between mete-
orological factors and PM2.5 daily concentrations changed
with season and station. The correlation between PM2.5 con-
centration and meteorological factors was strong in autumn
and winter but weak in spring and summer. In addition, there
was a correlation between meteorological factors, which var-
ied by season. The correlation significance between PM2.5
concentrations at different stations was vital in all seasons
except spring. Finally, the significant meteorological factors
were screened, providing the foundation for causal analysis.

C. CAUSALITY BETWEEN METEOROLOGICAL FACTORS
AND PM2.5
For the significant variables in Figure 4, we adopted the
CCM method to obtain the individual influence of mete-
orological factors on PM2.5 concentrations. According to
different seasons, we could calculate the seasonal causality
for each station. Despite multiple subfactors affecting PM2.5,
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TABLE 2. Seasonal causality between individual meteorological factors
and PM2.5 concentrations for different stations.

the most significant ρ value of subfactors represented the
meteorological factors for each station. The ρ values between
meteorological factors and PM2.5 are shown in Table 2.
The value of prediction skill (ρ-value) ranged from 0 to 1,
indicating the influence of one variable on another variable.
Higher ρ values indicate more prediction skill.

1) INDIVIDUAL INFLUENCE OF DIFFERENT
METEOROLOGICAL FACTORS ON THE PM2.5
To better explain the individual influence (ρ value) of dif-
ferent meteorological factors on the PM2.5 concentrations,
a rose wind map was drawn by R programming, as shown

FIGURE 5. Seasonal and spatial causality between individual
meteorological factors and PM2.5 concentrations for different stations.

in Figure 5. Each wind rose petal demonstrates a kind of
meteorological factor, and the size represents the maximum
value of all subfactors.

The individual influences of meteorological factors in the
four seasons were different. However, the meteorological fac-
tors of different stations in spring, autumn, and winter were
similar. In spring, PM2.5 was mainly affected by precipita-
tion and relative humidity. In summer, different stations had
different main meteorological factors. The factors differed at
different stations. In autumn, relative humidity, precipitation,
air pressure, and sunshine duration largely influenced PM2.5.
In winter, relative humidity, wind speed, and temperature
were the dominant meteorological factors affecting PM2.5.
Based on the main meteorological factors in spring, autumn
and winter, we used them to analyze the coupling patterns of
PM2.5 and meteorological factors.

2) COUPLING PATTERN OF PM2.5 AND METEOROLOGICAL
FACTORS
According to the wind rose map, the network diagram
of meteorological factors and PM2.5 was drawn and is
shown in Figure 6. These four stations in spring, autumn,
and winter had different PM2.5-meteorological coupling
patterns, but there was a similar PM2.5-meteorological cou-
pling pattern for the three seasons. There was no fixed
coupling pattern in summer. The PM2.5-meteorological cou-
pling pattern in spring and summer was simple, while the
PM2.5-meteorological coupling pattern in autumn and win-
ter was complicated. Meanwhile, the feedback effects of
PM2.5 concentrations on individual meteorological factors

150378 VOLUME 9, 2021



Z. Zou et al.: Complex Nonlinear Coupling Causal Patterns Between PM2.5 and Meteorological Factors in TP

FIGURE 6. Seasonal and spatial coupling between individual meteorological factors and PM2.5 concentrations for different stations.
Red represents a positive influence, and blue represents a negative influence. The solid line arrows show the causality between
meteorological factors and PM2.5, while the dotted line arrows show the causality between meteorological factors. Two-way arrows
show bidirectional causality, and one-way arrows show unidirectional causality. The thickness of the line arrows indicates the
proportional size of the ρ value.

were explained [44]. Next, we extracted the common mete-
orological factors from different stations in each season and
analyzed the coupling patterns between these meteorological
factors and PM2.5 to determine the coupling pattern of each
season.

In spring, precipitation and humidity were the most influ-
ential meteorological factors affecting the PM2.5 concentra-
tions. Both relative humidity and precipitation had a negative
effect on PM2.5. Higher precipitation led to lower PM2.5
concentrations because of wet deposition. When precipita-
tion increased, relative humidity increased. Similarly, when
relative humidity increased, precipitation increased. In a
wet environment, there was bidirectional coupling between
PM2.5 and humidity. This result means that high humidity
led to low PM2.5 concentrations and that feedback from low
PM2.5 concentrations could increase the humidity. In this
way, strong negative bidirectional PM2.5-humidity coupling
would strengthen the effects of humidity on PM2.5 con-
centrations. At the same time, the increased precipitation
caused increased relative humidity, which would also indi-
rectly influence the PM2.5 concentrations (Figure 7(a)).

In autumn, relative humidity, precipitation and air pressure
all had negative effects on PM2.5, while sunshine duration
had a positive effect on PM2.5. The influence of air pressure
on PM2.5 was relatively independent. That is, it did not affect

the PM2.5 concentrations indirectly through the influence
of meteorological factors. Precipitation had a strong positive
influence on relative humidity, which increased the negative
influence on PM2.5. Precipitation had a negative effect on
sunshine hours, which also strengthened the negative effect
on PM2.5 concentrations. There was a negative bidirec-
tional coupling between relative humidity and sunshine hours
(Figure 7(b)).

In winter, in a dry state, there was a positive coupling
between PM2.5 and relative humidity. Temperature had a
negative effect on relative humidity. Wind speed and temper-
ature had a negative bidirectional coupling on PM2.5. As the
temperature increased, the saturated water vapor pressure
increased, and the relative humidity decreased. This result
means that temperature not only directly affected PM2.5
but also indirectly influenced PM2.5 by affecting relative
humidity. Temperature positively impacted wind speed, so it
strengthened the negative impact on PM2.5 (Figure 7(c)).

IV. DISCUSSION
Previous studies put more emphasis on the relationship
between individual meteorological factors and PM2.5 con-
centrations [35]. We obtained the coupling patterns between
PM2.5 concentrations and meteorological factors. Based
on these coupling patterns, we can design or adjust
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FIGURE 7. (a) Coupling pattern of meteorological factors and PM2.5 concentration in spring. (b) Coupling pattern of
meteorological factors and PM2.5 concentration in autumn. (c) Coupling pattern of meteorological factors and PM2.5
concentration in winter.

physical-chemical models for PM2.5 simulation or predic-
tion.

According to the coupling patterns in different seasons,
individual meteorological factors can influence local PM2.5
concentrations indirectly by interacting with other meteoro-
logical factors. Managers can take meteorological measures
in different seasons to reduce the PM2.5 concentrations.
In spring, they could reduce PM2.5 concentrations by increas-
ing precipitation and relative humidity. In autumn, controlling
precipitation, air pressure, relative humidity or solar radi-
ation could mitigate the PM2.5 concentrations. In winter,
they could adjust the temperature, relative humidity and wind
speed to decrease the PM2.5 concentrations. In general, man-
aging the relative humidity is the most effective method.

In terms of different seasons, as shown in Figure 7, the
negative influence of meteorological factors on PM2.5 was
greater than the positive influence on seasonal coupling
patterns. This maybe make PM2.5 concentrations unstable.
It means it will not continue to increase or decrease. The
weather conditions are different every day. Higher precipi-
tation leads to lower PM2.5 concentrations and lower precip-
itation in the same coupling pattern, leading to more PM2.5.
In this way, the variation in weather causes fluctuations in
PM2.5 concentrations. PM2.5 concentrations were dynami-
cally stable over time. Compared with different seasons or
coupling patterns, there is a critical value for the same mete-
orological factor. This result means that the influence of the
same meteorological factor on PM2.5 in different states is

different (e.g., relative humidity). In a wet state, the increased
precipitation increased relative humidity. In a dry state, there
was a positive coupling between PM2.5 and relative humidity.

It is worth noting that the PM2.5 concentrations at the Fifth
Water Plant station were lower than those at other stations.
On the one hand, the land-use type of Chengbei District Gov-
ernment, Silu Hospital,Municipal EnvironmentalMonitoring
Station is urban land, but the FifthWater Plant in the suburban
area is irrigated land (a kind of dry land). Urban land creates
more dust than irrigated land. Additionally, it may be because
there is less traffic in the suburbs than that in the cities, and
PM2.5 partly comes from the exhaust gas discharged into the
atmosphere when vehicles use fuel on the roads.

This paper takes a plateau city as an example, but the
method can be extended to other cities or regions. It can
discover the PM2.5-meteorological patterns in different cities
or regions. Meanwhile, it can also be extended to a larger
time scale. It can find the PM2.5-meteorological patterns of
different years or the seasonal PM2.5-meteorological patterns
in different years. In addition, if the corresponding human
activities data can be collected, it can find the relationship
between human activities and PM2.5 and identify the pat-
terns.

V. CONCLUSION
In this paper, we analyzed the temporal and spatial charac-
teristics of PM2.5 concentrations in Xining in 2019. More
importantly, based on CCM, we revealed the temporal and
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spatial individual influences of meteorological factors on
PM2.5 and identified coupling patterns between PM2.5 and
meteorological factors in different seasons in 2019 in Xining.
The key findings were as follows.

Based on a seasonal comparison, the
PM2.5-meteorological coupling patterns were different in
the four seasons in Xining. In spring, autumn and winter,
there was a similar PM2.5-meteorological coupling pat-
tern. There was no fixed coupling pattern in summer. The
PM2.5-meteorological coupling pattern in spring and sum-
mer was simple, while the PM2.5-meteorological coupling
pattern in autumn and winter was complicated.

The research suggests that individual meteorological fac-
tors can influence local PM2.5 concentrations indirectly
by interacting with other meteorological factors. In spring,
higher precipitation leads to lower PM2.5 concentrations,
and higher relative humidity in the wet environment leads to
lower PM2.5 concentrations. There is positive bidirectional
coupling between precipitation and humidity. In autumn,
relative humidity in the wet environment, precipitation and
air pressure all negatively influence PM2.5, while sunshine
duration positively influences PM2.5 In comparison, the
influence of air pressure on PM2.5 is relatively independent.
In winter, wind speed and low temperatures have a negative
bidirectional coupling on PM2.5. There is a positive coupling
between PM2.5 and relative humidity in a dry environment.
Due to the coupling among relative humidity, wind speed and
temperature, one of them can indirectly affect PM2.5.

The meteorological influence on PM2.5 concentrations
was seasonally similar in Xining. In spring, PM2.5 was
mainly affected by precipitation and relative humidity.
In autumn, relative humidity, precipitation, air pressure, and
sunshine duration mainly influenced PM2.5. In winter, rela-
tive humidity, wind speed and temperature were the dominant
meteorological factors affecting PM2.5. Generally, relative
humidity was the most important influencing factor affecting
PM2.5 concentrations.

According to the coupling pattern in different seasons,
managers could take different measures in different seasons
to reduce the PM2.5 concentrations. It would be the most
advantageous to reduce PM2.5 concentrations by increasing
relative humidity. In the future, we can extend this method
to larger temporal and spatial scales. For example, we can
analyze it formore years and expand it nationwide. Therefore,
a PM2.5-meteorological coupling pattern at a larger scale
could be acquired.
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