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Abstract 10 

PM2.5 pollution influences the population health and people’s daily life. Because 11 

meteorological factors are main factor affecting the formation of PM2.5, the interaction between 12 

PM2.5 and meteorological factors needs to be better understood, both for air quality management 13 

and for PM2.5 projection. Here, we use a nonlinear state space method called the convergent cross 14 

mapping method to identify the complex coupling patterns between PM2.5 and meteorological 15 

factors in a plateau city: Xining. The results prove that PM2.5-meteorological coupling patterns 16 

change with seasons and PM2.5-meteorological coupling patterns are fixed in spring, autumn and 17 

winter. In spring, there is a negative unidirectional effect from precipitation to PM2.5 and a negative 18 

bidirectional effect between relative humidity and PM2.5. In autumn, there are some negative 19 

bidirectional effects between PM2.5 and relative humidity, precipitation, and air pressure, while 20 

solar radiation has a positive bidirectional effect on PM2.5. In winter, there are negative 21 

bidirectional couplings between PM2.5 and wind speed and temperature and a positive bidirectional 22 

coupling between relative humidity and PM2.5. Furthermore, relative humidity is a consistent 23 

driving factor affecting PM2.5. Air quality managers may alleviate PM2.5 by increasing relative 24 



 

 

humidity. Thus, the results provide a meteorological means for improving air quality in plateau cities. 25 

Keywords: nonlinear state space; coupling; PM2.5; meteorological factors; plateau cities 26 

1. Introduction 27 

PM2.5 pollution pose a serious threat to the health of the population. Long-term or short-term 28 

exposure to PM2.5 concentrations can increase the mortality rate caused by cardiovascular diseases 29 

(especially ischemic heart disease and stroke), the number of respiratory diseases, and the risk of 30 

disability in daily activities among the elderly1-3. In addition, PM2.5 pollution also influence 31 

people’s life, because PM2.5 concentrations cause serious visibility problems4. The poor visibility 32 

may lead to more traffic accidents. Therefore, to solve the PM2.5 pollution is essential for the 33 

prevention of medical accidents due to air pollution. 34 

Because atmospheric conditions are one of the main factors affecting the formation of PM2.5 35 

concentrations, Air quality managers may attempt to alleviate PM2.5 through meteorological means. 36 

Meanwhile, some scholars have noted that physical-chemical models such as chemical transport 37 

models were effective for predicting PM2.5 concentrations by PM2.5-meteorological interactions. 38 

However, it is difficult to adjust their parameters for different regions or select proper parameters 39 

for different meteorological factors from first principles5-6. In this way, they need more information 40 

to guide parameter adjustment. Therefore, clarifying the complex nonlinear coupling between 41 

multiple meteorological factors and PM2.5 concentrations is of great theoretical significance and 42 

practical value for the PM2.5 prediction and for the decision-making of government for the 43 

environmental management7-8.  44 

Most studies have emphasized the direct effect of meteorological factors (e.g., temperature, 45 

humidity, wind, precipitation and water vapor pressure) on PM2.5 concentrations. For example, 46 

Tran and Mölder9 noted that wind, temperature and moisture (water vapor pressure and relative 47 

humidity) could influence PM2.5. Kleine Deters10 thought that the prediction of PM2.5 48 

concentrations was from wind (speed and direction) and precipitation. Wang11 believed that wind 49 

direction and relative humidity were the two main meteorological factors affecting PM2.5 50 

concentrations. DeGaetano12 and Yin13 reported that temperature, relative humidity and wind speed 51 

were correlated with PM2.5 concentrations. Actually, there are interactions among meteorological 52 



 

 

factors, so that some meteorological factors have indirect influence on PM2.5. However, the 53 

complex nonlinear causal coupling between meteorological factors and PM2.5 concentrations is 54 

unclear.  55 

Meanwhile, some scholars14-16 found that the PM2.5 concentrations had feedbacks to 56 

meteorological factors. Zhong17 pointed that Elevated PM2.5 concentrations could reduce surface 57 

temperature by back scattering short wave solar radiation. Yang18 explained how PM2.5 negatively 58 

influenced the formation of winds. Zhao19 revealed PM in the high-humidity environment tended to 59 

physicochemical reactions, which further affected PM. Therefore, exploring the complex nonlinear 60 

causal coupling patterns is more advantageous to understand the relationship between PM2.5 61 

concentrations and meteorological factors. 62 

Previous studies have examined the correlation analysis and attribution analysis between 63 

PM2.5 and meteorological factors20-22. However, what we need to explore is a nonlinear coupling 64 

causality. Correlation, regression methods, and GAMs were used to study PM2.5-meteorology 65 

interactions. Among these methods, correlation cannot determine whether there is a causal 66 

relationship between two variables and cannot identify the direction of causation transitivity. 67 

Regression methods, which assume that the data are stationary or in linear space, are often used to 68 

analyze the relationship between PM2.5 and meteorological factors in nature. However, nature is a 69 

typical nonstationary and nonlinear space. Thus, we need a nonlinear state space method to quantify 70 

the coupling between PM2.5 concentrations and meteorological factors. Some studies have noted 71 

that GAMs could solve this problem, but they could not quantify the individual influence of 72 

meteorological factors on PM2.523-24. 73 

 For causality analysis, Granger causality (GC) is a classic test to identify the causality25. Li26 74 

found that economic growth, industrialization and urbanization increased PM2.5 concentrations in 75 

the long run using GC. Sfetsos and Vlachogiannis27 applied GC to quantify the causality between 76 

meteorological factors and PM. Actually, the key requirement of GC is separability, which means 77 

that GC is suitable for the stochastic and linear systems. GC test may fail to detect weak coupling 78 

between meteorological factors and PM2.5 concentrations. Therefore, we could use the convergent 79 

cross-mapping method. Sugihara28 provided a new method called convergent cross-mapping (CCM) 80 

to reveal the nonlinear coupling causality between multiple meteorological factors. Compared with 81 

the abovementioned methods, this method can quantify the individual influence of meteorological 82 



 

 

factors on PM2.5 concentrations and describe the coupling between multiple meteorological factors 83 

and PM2.5 concentrations.  84 

Convergent cross-mapping (CCM) has been successfully applied in PM2.5-meteorological 85 

interactions. Some studies29-30 filtered the original dataset and extracted the predictors through CCM 86 

for forecasting the PM2.5 concentrations. Furthermore, Chen used CCM to examine the causal 87 

relationship between PM2.5 and meteorological factors in the Jing-Jin-Ji region31 and some 88 

megacities across China32. They mainly compared the individual influence of meteorological factors 89 

on PM2.5 in different scales and find the main meteorological factors in different regions and 90 

seasons. As mentioned above, the quantitative coupling patterns between meteorological factors and 91 

PM2.5 concentrations is unclear. In this study, based on CCM, we mainly identify the complex 92 

nonlinear coupling networks in different seasons. 93 

Additionally, most studies on the PM2.5 have focused on the non-plateau areas and not on the 94 

Tibetan Plateau (TP) 33-34. Recently, the Tibetan Plateau has also been impacted by aerosol 95 

pollution35-36. The main resources are biomass burning and the transport of pollution from the nearby 96 

regions of Southeast Asia and the northern part of the Indian Peninsula. As the largest-scale and 97 

most populated city on TP, Xining also have experienced PM2.5 pollution and faced with critical 98 

public health challenge due to the relative high PM2.5 concentrations, population exposure, 99 

vulnerability, slight awareness and high altitude conditions. 100 

In this paper, we used a nonlinear state space method called CCM. Based on this method, we 101 

obtained the coupling patterns between meteorological factors and PM2.5 in Xining. The main 102 

results we acquired were (a) the temporal and spatial characteristics of PM2.5 concentration in 103 

Xining in 2019, (b) the individual influence of meteorological factors on PM2.5 in Xining in 2019, 104 

and (c) the coupling pattern between PM2.5 and meteorological factors in different seasons in 105 

Xining in 2019. 106 

Specifically, section 2 introduces the study area, defines the data sources and explains the 107 

research methods. Section 3 presents our results. Section 4 discusses some uncertainties. Finally, 108 

chapter 5 presents the conclusions and prospects. 109 



 

 

2. Materials and Methods 110 

2.1 Study area 111 

Xining, the capital city of Qinghai Province, is located in the northeastern part of the Tibetan 112 

Plateau, with an average altitude of 2,261.2 m. It belongs to the plateau continental climate, with 113 

low air pressure, a large day-night temperature difference, less rainfall, long sunshine, and strong 114 

solar radiation. It is the largest city in the region and hosts the main economic and social activities 115 

on the Tibetan Plateau. With a permanent resident population of 2,387,000, it is the only central city 116 

on the Tibetan Plateau with a population greater than one million. The urban area of Xining is 117 

located at the confluence of the Huangshui River, Nanchuan River, and Beichuan River. It is 118 

surrounded by mountains and forms a cross valley. In general, the terrain is high in the northwest 119 

and low in the southeast. 120 

As Fig. 1 demonstrates, the four meteorological stations in this study are all located in 121 

southeastern Xining, among which three stations (Municipal Environmental Monitoring Station 122 

(SHJJCZ), Chengbei District Government (CBQZF) and Silu Hospital (SLYY)) are located in the 123 

urban area of Xining, and one station (Fifth Water Plant, DWSC) is located in the suburbs. 124 



 

 

 

Figure 1. Geographical locations of PM2.5 stations and DEM in Xining 125 

2.2 Data collection 126 

As Table 1 shows, meteorological data were acquired from the China Meteorological Data 127 

Sharing Service System (http://data.cma.cn/). We studied eight kinds of meteorological factors: 128 

precipitation (PRE), wind speed (WS), wind direction (WD), pressure (PRS), temperature (TEM), 129 

water vapor pressure (e), sunshine duration (SSD), and relative humidity (RH). These factors were 130 

further categorized into subfactors. Precipitation is the total precipitation from 20 pm–20 pm. Wind 131 

speed includes the extreme wind speed (WSex), maximum wind speed (WSmax), wind speed and 132 

an average maximum wind speed of 2 minutes (WSmean2mins). The wind direction includes the 133 

maximum wind speed of the wind direction (WDex) and the maximum wind speed direction 134 

(WDmax). Pressure includes the daily mean pressure (PRSmean), daily maximum pressure 135 

(PRSmax), and daily minimum pressure (PRSmin). Temperature includes the daily mean 136 

temperature (TEMmean), daily maximum temperature (TEMmax) and daily minimum temperature 137 

(TEMmin). Water vapor pressure is the mean water vapor pressure. Solar radiation is represented 138 

by the daily sunshine duration (SSD). Relative humidity includes the daily mean relative humidity 139 

(RHmean) and daily minimum relative humidity (RHmin). 140 



 

 

Table 1 Introduction to data 141 

Data Data type Data source Factors 

Meteorological 

data 

Station data China Meteorological Data 

Sharing Service System 

(http://data.cma.cn/) 

Precipitation (PRE), wind speed 

(WS), wind direction (WD), 

pressure (PRS), temperature 

(TEM), water vapor pressure 

(e), sunshine duration (SSD), 

relative humidity (RH) 

Daily PM2.5 

concentration 

data 

Station data Qingyue Open 

Environmental Data Center 

(https://data.epmap.org) 

PM2.5 concentrations 

 142 

Daily PM2.5 concentration data were obtained from Qingyue Open Environmental Data Center 143 

(https://data.epmap.org) from March 15, 2019, to March 15, 2020 (Table 1). This website provided 144 

PM2.5 data for each city by station in China. This study extracted PM2.5 data from four country-145 

controlled stations in Xining (Chengbei District Government, PM2.5_CBQZF; Silu Hospital, 146 

PM2.5_SLYY; Municipal Environmental Monitoring Station, PM2.5_SHJJCZ; and Fifth Water 147 

Plant, PM2.5_DWSC). 148 

2.3 Methods 149 

This paper focuses on the key scientific problem of coupling patterns between PM2.5 150 

concentrations and meteorological factors in different seasons in Xining. First, we obtained the 151 

PM2.5 station data and meteorological data in Xining and illustrated the spatiotemporal 152 

characteristics of PM2.5 concentrations in Xining in 2019. Second, based on the Pearson correlation 153 

coefficient, we screened the significant meteorological subfactors and acquired positive or negative 154 

correlations. Third, we used the causality CCM method to distinguish the spatiotemporal individual 155 

influence of meteorological factors on PM2.5 in Xining in 2019 and identified the coupling patterns 156 

between PM2.5 concentrations and meteorological factors in different seasons, which is beneficial 157 



 

 

for providing a scientific basis and theoretical suggestions for improving the air quality of Xining 158 

(Fig. 2). 159 

 

Figure 2 Framework of the study 160 

2.3.1 Correlation analysis 161 

The Pearson correlation coefficient was used to measure the correlation between 162 

meteorological factors and PM2.5 concentrations37. There were two problems to solve: the first was 163 

whether there was a correlation between each meteorological factor and the PM2.5 concentrations, 164 

and the second was what kind of correlation it was, that is, a positive or a negative correlation. 165 

2.3.2 Convergent cross-mapping (CCM) 166 

After finding the correlations, we needed a nonlinear state space method to identify the 167 



 

 

coupling between PM2.5 and meteorological factors. Fortunately, Sugihara (Sugihara et al., 2012) 168 

proposed the convergent cross-mapping (CCM) method. This is a method that can identify the 169 

coupling relationships (network) among individual variables in a complex system. The main 170 

algorithm of CCM is as follows. Consider two time series of length L,{X} = {X(1), X(2), … , X(L)}, 171 {𝑌} = {𝑌(1), 𝑌(2), … , 𝑌(𝐿)}. In this study, there were temporal variations in the meteorological 172 

factors and PM2.5 concentrations. The goal was to determine the causality between {X} and {Y} 173 

and identify what direction the coupling was (unidirectional causality/bidirectional causality). Take 174 

cross-mapping from X to Y as an example. First, we formed the lagged-coordinate vectors 𝑥(𝑡) =175 〈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 176 

defined as the “reconstructed manifold” or “shadow manifold” 𝑀𝑋. Next, we needed to generate a 177 

cross-mapped estimate of Y(t), denoted by �̂�(𝑡)|𝑀𝑋 , by locating the contemporaneous lagged-178 

coordinate vector on 𝑀𝑋 and finding its E+1 nearest neighbors. E+1 is the minimum number of 179 

points needed for a bounding simplex in an E-dimensional space. We used the distance 𝑤𝑖 , 180 

generated by the E+1 nearest neighbors on 𝑀𝑋, to weight 𝑌(𝑡𝑖) and obtain the estimate �̂�(𝑡)|𝑀𝑋. 181 

Finally, the skill of the cross-map estimate (indicated by the correlation coefficient ρ value between 182 

observed and predicted), which ranged from 0 to 1, revealed the quantitative causality of X on Y. 183 

After obtaining the ρ value among multiple factors, we drew the coupling network among them. In 184 

this way, we acquired the coupling pattern between PM2.5 and meteorological factors. 185 �̂�(𝑡)|𝑀𝑋 = ∑ 𝑤𝑖 𝑌(𝑡𝑖);   𝑖 = 1 … 𝐸 + 1 186 

where 𝑤𝑖 = 𝑢𝑖/ ∑ 𝑢𝑗 j11…E+1, 𝑢𝑖 = exp {−𝑑[𝑥(𝑡), 𝑥(𝑡𝑖)]/𝑑[𝑥(𝑡), 𝑥(𝑡1)]} . 𝑑[𝑥(𝑡), 𝑥(𝑡𝑖)] 187 

represents the Euclidean distance between two vectors. 188 

The convergent cross-mapping algorithm is a backward-looking pattern. It examines the 189 

relationship between the current states and predicts the current Y rather than predicting the future 190 

value of Y based on the current X. To summarize, if variable Y from variable X by using the 191 

historical data is more reliable, the quantitative causality of variable X on the variable Y will be the 192 

stronger result. 193 



 

 

3. Results 194 

3.1 Spatial and temporal characteristics of PM 2.5 195 

 We used daily PM2.5 concentration data for the study period from March 15, 2019, to March 196 

15, 2020, from the four state-controlled stations in Xining for analysis. Previous studies proved that 197 

PM2.5 in China has spatial and seasonal variations38-40. According to the high temperature, the 198 

period from June 1 to August 15 was defined as summer. Spring was defined from March 15 to May 199 

31. Autumn was defined from August 16 to October 14. Winter was defined from October 15 to 200 

March 14. Therefore, we calculated the average daily PM2.5 concentrations of each season at the 4 201 

stations and visualized them in Fig. 3. 202 

 

Figure 3 Spatial and seasonal characteristics of PM 2.5 concentration in Xining 203 

Fig. 3 shows that at the four stations, the average PM2.5 concentrations in winter were the 204 

highest (over 35μg/𝑚3), followed by those in spring, because central heating occurs from October 205 

15 to April 15 of the following year and burns coal, releasing more air pollutants. Compared with 206 

different stations, the mean PM2.5 concentrations at the suburban site Fifth Water Plant (DWSC) 207 

were the lowest in spring, summer, and autumn. 208 

3.2 Correlation between meteorological factors and PM2.5 209 

Some studies have noted that precipitation, relative humidity, and temperature were related to 210 



 

 

air quality in Xining41. In addition, previous studies31, 42-44 have shown some influences of radiation, 211 

air pressure, wind speed, wind direction and water vapor pressure on PM2.5. To more 212 

comprehensively analyze the impact of meteorological factors on PM2.5, we examined precipitation, 213 

relative humidity, temperature, radiation, air pressure, wind speed, wind direction and water vapor 214 

pressure. In the last chapter, these factors were further categorized into subfactors: precipitation, 215 

wind speed (extreme wind speed, maximum wind speed wind speed, an average of 2 minutes 216 

maximum wind speed), wind direction (maximum wind speed of the wind direction, the maximum 217 

wind speed direction), pressure (average pressure, low pressure, high pressure), temperature (mean 218 

temperature, maximum temperature and minimum temperature), water vapor pressure, solar 219 

radiation (daily sunshine duration) and relative humidity (average relative humidity, minimum 220 

relative humidity). 221 

 

Figure 4 Seasonal correlations between individual meteorological factors and PM2.5 concentrations for different stations. 222 

**Correlation is significant at the 0.01 level (2 tailed); *Correlation is significant at the 0.05 level (2 tailed). Red squares show positive 223 

correlations, and blue squares show negative correlations. 224 



 

 

According to the division of seasons, we obtained the correlation analysis results in Fig. 4. The 225 

meteorological factors strongly correlated with PM2.5 concentrations were extracted from each 226 

station. The correlation between meteorological factors and PM2.5 daily concentrations changed 227 

with season and station. The correlation between PM2.5 concentration and meteorological factors 228 

was strong in autumn and winter but weak in spring and summer. In addition, there was a correlation 229 

between meteorological factors, which varied by season. The correlation significance between 230 

PM2.5 concentrations at different stations was vital in all seasons except spring. Finally, the 231 

significant meteorological factors were screened, providing the foundation for causal analysis. 232 

3.3 Causality between meteorological factors and PM 2.5 233 

For the significant variables in Fig. 4, we adopted the CCM method to obtain the individual 234 

influence of meteorological factors on PM2.5 concentrations. According to different seasons, we 235 

could calculate the seasonal causality for each station. Despite multiple subfactors affecting PM2.5, 236 

the most significant p-value of subfactors represented the meteorological factors for each station. 237 

The ρ values between meteorological factors and PM2.5 are shown in Table 2. The value of 238 

prediction skill (p-value) ranged from 0 to 1, indicating the influence of one variable on another 239 

variable. 240 

Table 2 Seasonal causality between individual meteorological factors and PM2.5 concentrations for different stations. 241 

  Spring ρ value Summer ρ value Autumn ρ value Winter ρ value 

CBQZF 

PRE 0.237 PRSmax 0.156 PRE 0.056 WSex 0.158 

RHmin 0.368 WSex 0.015 RHmean 0.268 PRSmax 0.16 

    WDex 0.088 SSD 0.356 RHmean 0.17 

        TEMmax 0 TEMmax 0.2 

        PRSmax 0.136 
 

 

SLYY 

    RHmean 0.217 PRE 0.117 WSex 0.118 

    PRSmax 0.209 PRSmean 0.042 RHmean 0.338 

      RHmean 0.177 SSD 0.097 

        SSD 0.267 TEMmax 0.315 

        TEMmax 0 
 

 

SHJJCZ 

PRE 0.348 WSex 0.182 PRE 0.075 WSex 0.294 

e 0.487 PRE 0.118 PRSmean 0.102 RHmean 0.301 

RHmean 0.535 PRSmean 0.053 RHmean 0.25 TEMmax 0.208 

    RHmean 0.354 SSD 0.202 SSD 0.067 

    
  

TEMmax 0   



 

 

DWSC 

PRE 0.271 TEMmin 0.17 PRE 0.067 WSex 0.189 

RHmean 0.327 PRSmax 0.183 RHmean 0.171 RHmean 0.439 

  e 0.173 SSD 0.054 SSD 0.135 

  
 

  PRSmax 0.214 TEMmax 0.406 

      TEMmax 0   

 242 

3.3.1. Individual influence of different meteorological factors on the PM2.5 243 

To better explain the individual influence (ρ value) of different meteorological factors on the PM2.5 244 

concentrations, a rose wind map was drawn by R programming, as shown in Fig. 5. Each wind rose 245 

petal demonstrates a kind of meteorological factor, and the size represents the maximum value of 246 

all subfactors. 247 

 



 

 

Figure 5 Seasonal and spatial causality between individual meteorological factors and PM2.5 concentrations for different stations. 248 

The individual influences of meteorological factors in the four seasons were different. However, 249 

the meteorological factors of different stations in spring, autumn, and winter were similar. In spring, 250 

PM2.5 was mainly affected by precipitation and relative humidity. In summer, different stations had 251 

different main meteorological factors. The factors differed at different stations. In autumn, relative 252 

humidity, precipitation, air pressure, and sunshine duration largely influenced PM2.5. In winter, 253 

relative humidity, wind speed, and temperature were the dominant meteorological factors affecting 254 

PM2.5. Based on the main meteorological factors in spring, autumn and winter, we used them to 255 

analyze the coupling patterns of PM2.5 and meteorological factors. 256 

3.3.2 Coupling pattern of PM2.5 and meteorological factors 257 

 According to the wind rose map, the network diagram of meteorological factors and PM2.5 258 

was drawn and is shown in Fig. 6. These four stations in spring, autumn, and winter had different 259 

PM2.5-meteorological coupling patterns, but there was a similar PM2.5-meteorological coupling 260 

pattern for the three seasons. There was no fixed coupling pattern in summer. The PM2.5-261 

meteorological coupling pattern in spring and summer was simple, while the PM2.5-meteorological 262 

coupling pattern in autumn and winter was complicated. Meanwhile, the feedback effects of PM2.5 263 

concentrations on individual meteorological factors were explained43 (Li et al., 2015a). Next, we  264 



 

 

Figure 6 Seasonal and spatial coupling between individual meteorological factors and PM2.5 concentrations for different 265 

stations. Red represents a positive influence, and blue represents a negative influence. The solid line arrows show the causality 266 

between meteorological factors and PM2.5, while the dotted line arrows show the causality between meteorological factors. Two-267 

way arrows show bidirectional causality, and one-way arrows show unidirectional causality. The thickness of the line arrows 268 

indicates the proportional size of the ρ value. 269 

extracted the common meteorological factors from different stations in each season and analyzed 270 

the coupling patterns between these meteorological factors and PM2.5 to determine the coupling 271 

pattern of each season. 272 

In spring, precipitation and humidity were the most influential meteorological factors affecting 273 

the PM2.5 concentrations. Both relative humidity and precipitation had a negative effect on PM2.5. 274 

Higher precipitation led to lower PM2.5 concentrations because of wet deposition. When 275 

precipitation increased, relative humidity increased. Similarly, when relative humidity increased, 276 

precipitation increased. In a wet environment, there was bidirectional coupling between PM2.5 and 277 

humidity. This result means that high humidity led to low PM2.5 concentrations and that feedback 278 

from low PM2.5 concentrations could increase the humidity. In this way, strong negative 279 

bidirectional PM2.5-humidity coupling would strengthen the effects of humidity on PM2.5 280 

concentrations. At the same time, the increased precipitation caused increased relative humidity, 281 

which would also indirectly influence the PM2.5 concentrations (Fig. 7(a)). 282 



 

 

Figure 7 (a) Coupling pattern of meteorological factors and PM 2.5 concentration in spring (b) Coupling pattern of meteorological factors 283 

and PM 2.5 concentration in autumn (c) Coupling pattern of meteorological factors and PM 2.5 concentration in winter. 284 

In autumn, relative humidity, precipitation and air pressure all had negative effects on PM2.5, 285 

while sunshine duration had a positive effect on PM2.5. The influence of air pressure on PM2.5 was 286 

relatively independent. That is, it did not affect the PM2.5 concentrations indirectly through the 287 

influence of meteorological factors. Precipitation had a strong positive influence on relative 288 

humidity, which increased the negative influence on PM2.5. Precipitation had a negative effect on 289 

sunshine hours, which also strengthened the negative effect on PM2.5 concentrations. There was a 290 

negative bidirectional coupling between relative humidity and sunshine hours (Fig. 7(b)). 291 

In winter, in a dry state, there was a positive coupling between PM2.5 and relative humidity. 292 

Temperature had a negative effect on relative humidity. Wind speed and temperature had a negative 293 

bidirectional coupling on PM2.5. As the temperature increased, the saturated water vapor pressure 294 

increased, and the relative humidity decreased. This result means that temperature not only directly 295 

affected PM2.5 but also indirectly influenced PM2.5 by affecting relative humidity. Temperature 296 

positively impacted wind speed, so it strengthened the negative impact on PM2.5 (Fig. 7(c)).  297 



 

 

4. Discussion 298 

Previous studies put more emphasis on the relationship between individual meteorological 299 

factors and PM2.5 concentrations33. We obtained the coupling patterns between PM2.5 300 

concentrations and meteorological factors. Based on these coupling patterns, we can design or adjust 301 

physical-chemical models for PM2.5 simulation or prediction. 302 

According to the coupling patterns in different seasons, individual meteorological factors can 303 

influence local PM2.5 concentrations indirectly by interacting with other meteorological factors. 304 

Managers can take meteorological measures in different seasons to reduce the PM2.5 concentrations. 305 

In spring, they could reduce PM2.5 concentrations by increasing precipitation and relative humidity. 306 

In autumn, controlling precipitation, air pressure, relative humidity or solar radiation could mitigate 307 

the PM2.5 concentrations. In winter, they could adjust the temperature, relative humidity and wind 308 

speed to decrease the PM2.5 concentrations. In general, managing the relative humidity is the most 309 

effective method.  310 

In terms of different seasons, as shown in Fig. 7, the negative influence of meteorological 311 

factors on PM2.5 was greater than the positive influence on seasonal coupling patterns. This may 312 

be make PM2.5 concentrations unstable. It means it will not continue to increase or decrease. The 313 

weather conditions are different every day. Higher precipitation leads to lower PM2.5 concentrations 314 

and lower precipitation in the same coupling pattern, leading to more PM2.5. In this way, the 315 

variation in weather causes fluctuations in PM2.5 concentrations. PM2.5 concentrations were 316 

dynamically stable over time. Compared with different seasons or coupling patterns, there is a 317 

critical value for the same meteorological factor. This result means that the influence of the same 318 

meteorological factor on PM2.5 in different states is different (e.g., relative humidity). In a wet state, 319 

the increased precipitation increased relative humidity. In a dry state, there was a positive coupling 320 

between PM2.5 and relative humidity. 321 

It is worth noting that the PM 2.5 concentrations at the Fifth Water Plant station were lower 322 

than those at other stations. On the one hand, the land-use type of Chengbei District Government, 323 

Silu Hospital, Municipal Environmental Monitoring Station is urban land, but the Fifth Water Plant 324 

in the suburban area is irrigated land (a kind of dry land). Urban land creates more dust than irrigated 325 



 

 

land. Additionally, it may be because there is less traffic in the suburbs than that in the cities, and 326 

PM2.5 partly comes from the exhaust gas discharged into the atmosphere when vehicles use fuel on 327 

the roads.  328 

This paper takes a plateau city as an example, but the method can be extended to other cities 329 

or regions. It can discover the PM2.5-meteorological patterns in different cities or regions. 330 

Meanwhile, it can also be extended to a larger time scale. It can find the PM2.5-meteorological 331 

patterns of different years or the seasonal PM2.5-meteorological patterns in different years. 332 

5. Conclusions 333 

In this paper, we analyzed the temporal and spatial characteristics of PM2.5 concentrations in 334 

Xining in 2019. More importantly, based on CCM, we revealed the temporal and spatial individual 335 

influences of meteorological factors on PM2.5 and identified coupling patterns between PM2.5 and 336 

meteorological factors in different seasons in 2019 in Xining. The key findings were as follows. 337 

Based on a seasonal comparison, the PM2.5-meteorological coupling patterns were different 338 

in the four seasons in Xining. In spring, autumn and winter, there was a similar PM2.5-339 

meteorological coupling pattern. There was no fixed coupling pattern in summer. The PM2.5-340 

meteorological coupling pattern in spring and summer was simple, while the PM2.5-meteorological 341 

coupling pattern in autumn and winter was complicated. 342 

The research suggests that individual meteorological factors can influence local PM2.5 343 

concentrations indirectly by interacting with other meteorological factors. In spring, higher 344 

precipitation leads to lower PM2.5 concentrations, and higher relative humidity in the wet 345 

environment leads to lower PM2.5 concentrations. There is positive bidirectional coupling between 346 

precipitation and humidity. In autumn, relative humidity in the wet environment, precipitation and 347 

air pressure all negatively influence PM2.5, while sunshine duration positively influences PM2.5 In 348 

comparison, the influence of air pressure on PM2.5 is relatively independent. In winter, wind speed 349 

and low temperatures have a negative bidirectional coupling on PM2.5. There is a positive coupling 350 

between PM2.5 and relative humidity in a wet environment. Due to the coupling among relative 351 

humidity, wind speed and temperature, one of them can indirectly affect PM2.5. 352 

The meteorological influence on PM2.5 concentrations was seasonally similar in Xining. In 353 



 

 

spring, PM2.5 was mainly affected by precipitation and relative humidity. In autumn, relative 354 

humidity, precipitation, air pressure, and sunshine duration mainly influenced PM2.5. In winter, 355 

relative humidity, wind speed and temperature were the dominant meteorological factors affecting 356 

PM2.5. Generally, relative humidity was the most important influencing factor affecting PM2.5 357 

concentrations. 358 

According to the coupling pattern in different seasons, managers could take different measures 359 

in different seasons to reduce the PM2.5 concentrations. It would be the most advantageous to 360 

reduce PM2.5 concentrations by decreasing relative humidity. In the future, we can extend this 361 

method to larger temporal and spatial scales; for example, we can analyze it for more years and 362 

expand it nationwide. Therefore, a PM2.5-meteorological coupling pattern at a larger scale could be 363 

acquired. 364 
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