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Abstract 
Meteorological conditions play a crucial role in ambient air pollution by affecting both directly 
and indirectly the emissions, transport, formation, and deposition of air pollutants. In this study, 
the relationships between meteorological parameters and ambient air pollutants concentrations in 
three megacities in China, Beijing, Shanghai, and Guangzhou were investigated. A systematic 
analysis of air pollutants including PM2.5, PM10, CO, SO2, NO2, and O3 and meteorological 
parameters including temperature, wind speed (WS), wind direction (WD) and relative humanity 
(RH) was conducted for a continuous period of 12 months from March 2013 to February 2014. 
The results show that all three cities experienced severe air quality problems. Clear seasonal 
trends were observed for PM2.5, PM10, CO, SO2 and NO2 with the maximum concentrations in 
the winter and the minimum in the summer, while O3 exhibited an opposite trend. Substantially 
different correlations between air pollutants and meteorological parameters were observed 
among these three cities. WS reversely correlated with air pollutants, and temperature positively 
correlated with O3. Easterly wind led to the highest PM2.5 concentrations in Beijing, westerly 
wind led to high PM2.5 concentrations in Shanghai, while northern wind blew air parcels with the 
highest PM2.5 concentrations to Guangzhou. In Beijing, days of top 10 % PM2.5, PM10, CO, and 
NO2 concentrations were with higher RH compared to days of bottom 10% concentrations, and 
SO2 and O3 showed no distinct RH dependencies. In Guangzhou, days of top 10 % PM2.5, PM10, 
CO, SO2, NO2 and O3 concentrations were with lower RH compared to days of bottom 10% 
concentrations. Shanghai showed less fluctuation in RH between top and bottom 10%. 
These results confirmed the important role of meteorological parameters in air pollution 
formation with large variations in different seasons and geological areas. These findings can be 
utilized to improve the understanding of the mechanisms that produce air pollution, enhance the 
forecast accuracy of the air pollution under different meteorological conditions, and provide 
effective measures for mitigating the pollution. 
 
Keywords: Air pollution, Particulate matter, PM2.5, China, Meteorology 
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1. Introduction 
China holds rich culture and incredible history. Its large cities are transforming into 
cosmopolitan metropolises attracting enormous tourism, business development, and global 
integration. However, China’s economic performance and growth over the last several decades 
can be overshadowed by the amount of air pollution the Chinese people inhale every day. In 
every major urban area across China, concentrations of air pollutants greatly exceed standards 
recommended by the World Health Organization (WHO).  

Globally, 7 million deaths in 2012 were attributable to air pollution, which becomes the 
world’s largest single environmental health risk accounting for one in eight of total global deaths 
(WHO, 2014). In China, between 350,000 and 500,000 people die prematurely each year as a 
result of outdoor air pollution, and it has become the fourth biggest threat to the health of 
Chinese people after heart disease, dietary risk and smoking (Chen et al., 2013a). The China’s 
Huai River policy, which provides free winter heating via the provision of coal for boilers in 
cities north of the Huai River but denies heat to the south, leads to a reduction in life 
expectancies of  5.5 years (95% CI: 0.8, 10.2) in the north owing to an increased incidence of 
cardiorespiratory mortality (Chen et al., 2013b). 

Previous air quality studies conducted in China mainly focus on the sources, the physical 
characteristics, and chemical composition of air pollutants (Cao et al., 2014; Wang et al., 2013a, 
Yuan et al., 2014). Several case studies have shown that meteorological conditions affect 
ambient air pollution in China in numerous ways. For example, Tian et al. (2014) reported that 
the air quality was the worst in spring, and got better in summer, subsequently tended to be more 
serious in autumn and winter in Beijing. Xu et al. (2011a) found that trace gas concentrations 
were strongly dependent on wind, and O3 mixing ratio showed clear dependencies on 
temperature and relative humidity in North China Plain (NCP) region. Previous studies 
suggested that variation of the synoptic patterns modulated pollutant concentrations and likely 
provided the primary driving force for the day-to-day variations in the NCP regional pollution 
(Chen et al., 2008; Wang et al., 2009; Wei et al., 2011; Zhang et al., 2012a). 
Southerly/Southwesterly surface wind was found more likely to contribute to severe air pollution 
in the NCP (Wang et al., 2010; Wang et al., 2013b; Xu et al., 2011b). Results from Wang et al. 
(2014) showed that aerosol-radiation interactions played an important role in the haze episode in 
the NCP region. However, the knowledge gap between meteorological parameters and their 
impacts on concentrations of air pollutants remains wide.  

In this study, a systematic analysis is presented to investigate the relationships of six 
criteria air pollutants (PM2.5, PM10, CO, SO2, NO2 and O3) with meteorological parameters (wind 
direction, wind speed, temperature, and relative humidity) in three megacities based on a 12-
month record of observations in 2013-2014. The goal is to unfold these vital relationships that 
can be utilized to improve the understanding of the mechanisms that produce air pollution, 
enhance the forecast accuracy of the air pollution under different meteorological conditions, and 
provide effective measures for mitigating the pollution. 
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2. Methods and data  
2.1 Description of the study cities 
Beijing, Shanghai, and Guangzhou were selected in this study. The locations of the three cities 
are shown in Figure 1. Beijing, Shanghai, and Guangzhou are located in the regions of NCP, the 
Yangtze River Delta (YRD), and the Pearl River Delta (PRD), respectively. The meteorological 
conditions in these three regions are substantially different. Moreover, these regions are hot spots 
of air pollution studies in China due to dense population, well developed economy, and frequent 
pollution events. Therefore, analyses of the data collected in these three cities could provide a 
broad and complete understanding on the relationships between meteorological parameters and 
criteria air pollutants in China. 

Beijing, the capital of China with a population of 20.7 million in 2012 
(http://www.stats.gov.cn/tjsj/ndsj/2013/indexeh.htm), is situated at the northern tip of the NCP 
region and is surrounded by mountains to the north, northwest, and west. Beijing has a monsoon-
influenced continental climate, characterized by hot, humid summers, and cold, windy, and dry 
winters (Chen et al., 2007; Tian et al., 2014). Springs and falls are short and dry with sandstorms 
blowing in from Gobi Desert across the Mongolian steppe (Cao et al., 2014; Wang et al., 2014). 
Beijing is a key transportation hub with five ring roads, nine expressways, eleven national 
highways, ten conventional railways, and three high-speed railways converging in the city. In 
2012, Beijing had approximately 5 million automobiles 
(http://www.stats.gov.cn/tjsj/ndsj/2013/indexch.htm).  

Shanghai is the largest city by population in China with a population of 23.8 million in 
2012 (http://www.stats.gov.cn/tjsj/ndsj/2013/indexeh.htm).  Located at the mouth of the YRD 
region in East China, Shanghai is the world’s busiest container port. Shanghai has a humid 
subtropical climate with cold and damp winter and hot and humid summer, susceptible to 
thunderstorms and typhoons (Bai et al., 2014; Xu et al., 2011a). Shanghai had more than 2 
million automobiles in 2012 (http://www.stats.gov.cn/tjsj/ndsj/2013/indexch.htm).  

Guangzhou is the provincial capital of Guangdong province and a representative mega-
city in the PRD region in Southern China. It is a key national transportation hub and a major 
trading port. The city population was approximately 13 million in 2012 
(http://www.gzstats.gov.cn/gzsq/). Guangzhou has a humid subtropical marine climate 
influenced by the East Asian monsoon, which spans from April to September (Li et al., 2014). 
With the rapid economic development over the past several decades, Guangzhou has experienced 
a rapid increase in the number of vehicles together with a substantial increase in biomass energy 
consumption (Huo et al., 2014).  
 
2.2 Measurements and data analysis 
Hourly meteorological parameters as well as concentrations of six criteria pollutants including 
PM2.5, PM10, CO, SO2, NO2 and O3 in Beijing, Shanghai, and Guangzhou between March 2013 
and February 2014 were included in this study. The surface meteorological data for each city, 
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including temperature, wind speed, wind directions, and dew point were acquired from China 
Meteorological Administration in the Meteorological Information Comprehensive Analysis and 
Processing System (MICAPS) (Luo et al., 2006). Relative humidity was calculated using the 
temperature and dew point information. All the meteorological parameters have 8 measurements 
per day, conducted at local hour 02, 05, 08, 11, 14, 17, 20, and 23. Daily average meteorological 
parameters were then averaged using the 8 measurement results (scalar averaging for 
temperature and relative humidity, and vector averaging for wind speed and wind direction). All 
data from meteorological stations within a 20 km radius from the city center were included in the 
calculation of the city average meteorological parameters.  

Measurements of the six criteria pollutants were conducted at the national air quality 
monitoring (AQM) sites. There are 13, 11, and 12 AQM sites located in Beijing, Shanghai, and 
Guangzhou, respectively. The data monitoring techniques have been described in a previous 
study (Hu et al., 2014), and therefore only a brief description is provided here. Automated 
monitoring systems were installed and used to measure the ambient concentration of SO2, NO2, 
O3 and CO according to China Environmental Protection Standards HJ 193-2013 
(http://www.es.org.cn/download/2013/7-12/2627-1.pdf), and of PM2.5 and PM10 according to 
China Environmental Protection Standards HJ 655-2013 
(http://www.es.org.cn/download/2013/7-12/2626-1.pdf).  

The real-time hourly concentrations of PM2.5, PM10, CO, SO2, NO2, and O3 were 
downloaded from the publishing website of the China National Environmental Monitoring 
Center (http://113.108.142.147:20035/emcpublish/). A sanity check was conducted on the hourly 
data at individual sites to remove problematic data points before calculating the average 
concentrations. The citywide average concentrations were calculated by averaging the 
concentrations at all sites in each city. The daily average meteorological parameters and pollutant 
concentrations were calculated only when there were valid data for more than 20 hours during 
that day. 
 Spearman-Rank correlation analysis was introduced to investigate the relationships 
between air pollutants and meteorological parameters (wind speed, temperature, and relative 
humidity). SigmaPlot (version 13) was used. The analysis was performed for each of the four 
seasons in each city independently. The 12 months are attributed to the following seasonal 
categories: spring (March, April, and May), summer (June, July, and August), fall (September, 
October, and November), and winter (December, January, and February). The wind direction 
categories are the following: 337.5o < N ≤ 22.5o, 22.5o < NE ≤ 67.5o, 67.5o < E ≤ 112.5o, 112.5o 
< SE ≤ 157.5o, 157.5o < S ≤ 202.5o, 202.5o < SW ≤ 247.5o, 247.5o < W ≤ 292.5o, 292.5o < NW ≤ 
337.5o. 
 
 
3 Results and discussions 
3.1 Data overview 
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Table 1 shows the annual average, and minimum and maximum 24-hour average PM2.5, PM10, 
and gaseous species in Beijing, Shanghai, and Guangzhou during the entire study period. The 
annual averaged PM2.5 concentrations in Beijing, Shanghai, and Guangzhou were 87.0, 56.1, and 
51.6 µg/m3, respectively, severely exceeding the Chinese Ambient Air Quality Standards 
(CAAQS) (15 µg/m3 for Grade I and 35 µg/m3 for Grade II). The maximum 24-hour average 
PM2.5 concentrations were 391.6, 363.6, and 155.6 µg/m3, respectively, indicating that extreme 
PM air pollution events happened in all the three cities. CO and SO2 concentrations in Beijing 
were also the highest among the three while concentrations in Guangzhou were the lowest. NO2 
annual average concentrations in Beijing (25.4 ppb) and Guangzhou (24.4 ppb) were both 
approximately 20% higher than that in Shanghai (20.3 ppb). SO2 and NO2 concentrations in all 
three cities were equal to or exceeded the Grade I annual standards of CAAQS, which are ~7 ppb 
and ~21 ppb for SO2 and NO2, respectively. Guangzhou has the highest 1-h O3, followed by 
Shanghai and Beijing, which is in comply with the geographical trend from south to north. 8-h 
O3 had different trend compared to 1-h O3, Shanghai had the largest value of 47.5 ppb and 
Guangzhou had the least value of 45.2 ppb. 

Table 2 shows the annual statistical summary of meteorological parameters including 
wind speed (WS), ambient temperature (T), and relative humidity (RH). Beijing had the lowest 
annual average WS of 1.3 m/s but with the largest daily maximum of 5.9 m/s. Average WS in 
Shanghai and Guangzhou were close but Shanghai had lower daily maximum (4.6 m/s) than 
Guangzhou (5.7 m/s). Annual average T in Beijing, Shanghai, and Guangzhou were 13.7, 17.3, 
and 21.0 oC, respectively. Guangzhou had the highest annual average T but had the lowest daily 
maximum value. Guangzhou also had the highest annual RH of 78.0%, followed by Shanghai 
(68.0%) and Beijing (53.1%). In general, Beijing had the highest annual variability of daily 
averaged WS, T, and RH. 

 
3.2 Temporal variations of air pollutants and meteorological variables 
The annual analysis in the previous section provides an overview of the air pollutants in the three 
major metropolitan areas. As pollutants concentrations and meteorological conditions vary in 
different temporal scales, it is important to investigate their temporal variations before analyzing 
the relationship between them. Figure 2 shows the seasonal variations of all air pollutants. 
Average PM2.5 concentrations in Beijing in all seasons were similar, and the highest 
concentration occurred in winter. Seasonal average PM2.5 concentrations in Shanghai also peaked 
in winter, followed by spring, summer, and fall, successively. In Guangzhou, average PM2.5 
concentrations in summer (25 µg/m3) were much lower than average concentrations in other 
seasons (~50 µg/m3 in spring and fall and ~70 µg/m3 in winter). PM10 has similar seasonal 
variation patterns as PM2.5 in all cities.  

CO concentrations in spring, summer, and fall were close in all three cities. CO 
concentrations in winter were higher than other three seasons with broader distribution. SO2 
concentrations in Beijing were highest in winter, followed by spring, and summer and fall, which 
had much lower concentrations. Similar results can be found in Shanghai but the differences 
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between winter/spring and summer/fall were smaller. SO2 concentrations in Guangzhou were 
comparable in all seasons but spring and winter had wider concentration ranges. NO2 
concentrations had similar seasonal distribution as SO2 in all the three cities. Summer 1-h O3 
concentrations were highest in Beijing and Shanghai, followed by spring and fall. Winter time 1-
h O3 concentrations were generally much lower than those in other seasons. However, in 
Guangzhou 1-h O3 concentration was highest in fall, and was comparable in other three seasons. 
8-h O3 concentrations had the same seasonal variation as the 1-h O3 in all three cities. Generally, 
clear seasonal trends were observed for PM2.5, PM10, CO, SO2 and NO2 with the maximum in the 
winter and the minimum in the summer while 1-h O3 and 8-h O3 exhibited the opposite trend. 

Seasonal variations of WS, T and RH are shown in Figure 3. In Beijing, WS was higher 
in spring and winter and lower in summer and fall. In Shanghai, WS gradually increased from 
1.7 m/s in spring to 2.3 m/s in winter. In Guangzhou, WS were highest in winter (2.5 m/s), while 
lowest in summer (1.7 m/s). Averages of daily temperature in summer and winter in Beijing 
were highest and lowest, respectively, with very narrow ranges, while the values in spring and 
fall were very close except in spring the distribution was broader. Temperatures of Shanghai in 
all seasons were higher than in Beijing. In Guangzhou, the differences in temperature among 
seasons were smaller than in Beijing and Shanghai. Temperatures in summer days had very 
narrow range. In Beijing, summer and fall RH values were higher than in spring and winter. The 
highest RH values in summer had an average of 70%. In Shanghai and Guangzhou, RH values in 
all seasons were higher than in Beijing. Generally, RH had an increasing trend from spring to 
winter in Shanghai, while the trend was opposite in Guangzhou.  

Seasonal distribution of wind direction at Beijing, Shanghai and Guangzhou are shown in 
Figure 4. In Beijing at spring, south wind was more frequent than north wind. However, north 
wind usually had larger speed. In summer, the WS was small and mostly from southwest. In fall, 
WS of south wind was small but that of northwest wind was large. In winter, south wind was 
much more frequent than north wind but the speed was much smaller. Wind in Shanghai was 
from all directions in all seasons. South wind was more frequent in spring and summer while 
north wind was more frequent in fall and winter. Southerly and northerly winds dominated wind 
direction in Guangzhou. In spring, north wind was slightly more frequent, while south wind was 
more frequent in summer. In fall and winter, north wind was prevalent, indicating the transport 
of pollutants from north may be important to Guangzhou.  

Monthly variations of pollutants and meteorological parameters are shown in Figure S1 
and Figure S2, respectively. All three regions showed diverse meteorological conditions, which 
gives us a good opportunity to study the relationships between air pollutants and meteorological 
variables in a very broad spectrum. Furthermore, the discussion of relationship between 
meteorological factors and pollutants is limited to seasonal variations to have enough data points 
for statistic calculations while keep the seasonal characteristics. 
 
3.3 Correlation between air pollutants and WS, temperature and RH 
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The relationship between pollutants and meteorological factors was quantified using spearman-
rank correlation coefficient as shown in Table 3. The correlations between all pollutants 
concentrations and the three meteorological parameters throughout the year were calculated. In 
Beijing, PM2.5, PM10, CO, SO2, and NO2 concentrations were negatively correlated with WS in 
all seasons except summer, which indicates horizontal dispersion plays important role in 
modulating their concentration in spring, fall, and winter. While in summer, vertical dispersion 
may play a more important role and horizontal dispersion plays a less important role when the 
atmospheric boundary layer can grow quite high (Table S1). The concentrations of PM2.5, PM10, 
CO, SO2, and NO2 positively correlated with RH in all seasons, especially in winter. High RH 
favors the partition of semi-volatile species into the aerosol phase (Hu et al., 2008), thus leading 
to high PM concentrations. Moister atmosphere normally accompanies lower boundary layer 
(Sandeep et al., 2014), thus further enhancing the concentrations of those primary source 
dominated pollutants.  For the secondary pollutant of O3, correlations with WS were negative in 
the summer and the fall, but positive in the winter. It is because high WS removes PM and 
increases the solar radiation, which enhances O3 formation (Atkinson, 2000; Ran et al., 2009). 
The correlations with temperature were strongly positive in all seasons except for the winter, 
which is due to the significant role temperatures plays during O3 formation (Jacob and Wineer, 
2008; Rasmussen et al., 2012). The RH had negative correlations with O3 in all seasons except 
for the fall.  
 In Shanghai, concentrations of all species except O3 were negatively correlated with WS 
at all seasons. Like those in Beijing, O3 concentrations in winter were positively correlated with 
WS. The highest correlations of O3 with WS were found in summer. All pollutants, except O3, 
were negatively correlated with temperature in spring and fall. The temperature correlation in 
summer and winter was weak. O3 values were positively correlated with temperature with the 
highest correlation occurred in summer. In Shanghai, most pollutants, except CO in summer and 
O3 in winter were negatively correlated with RH. 

In Guangzhou, all air pollutants except with 8-h O3was negatively correlated with WS in 
spring. Temperature positively related to PM2.5, PM10, SO2, 1-h O3, and 8-h O3 in summer, and 
positively related all species in winter. In spring and fall, only weak negative correlations were 
observed. All pollutants except CO were negatively correlated with RH throughout the year.  

The three cities showed similar correlation trends with different correlation coefficients 
between air pollutants and meteorological parameters. In general, higher WS was related with 
lower primary pollutants. For the secondary pollutant of O3, higher concentrations are related 
with elevated temperatures. 
 
3.4 Concentrations of pollutants as a function of wind directions  
To better illustrate the effects of wind direction on pollutants. The concentrations of pollutants 
according to their respective wind directions were present. Figure 5 shows the results of PM2.5 in 
Beijing, Shanghai, and Guangzhou. Easterly wind led to the highest PM2.5 concentrations in 
Beijing followed by southerly wind. Northerly wind led to the lowest PM2.5 concentrations. This 
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is because northerly wind brings in relatively clean air from the mountains while the easterly and 
southerly wind transports pollutants from more polluted Tianjin and Central China (Ying et al., 
2014; Zhang et al., 2012b). In Shanghai, the highest PM2.5 concentrations were related to 
westerly wind followed by north wind, indicating the transport of pollutants from north and west 
to Shanghai had contributions to PM air pollution episodes in Shanghai (Ying et al., 2014). 
While in Guangzhou, northerly winds were associated with the highest PM2.5 concentrations. 
Results of PM10, CO, SO2, NO2, 1-h O3 and 8-h O3 according to their respective wind directions 
are shown in Figure S3. In generally, PM10 has similar results with PM2.5. CO, SO2, and NO2, 
and high concentrations were related to easterly winds (including northeast, east, and southeast 
winds) in Beijing, westerly and northwesterly winds in Shanghai, and northerly and southeasterly 
winds in Guangzhou. 1-h O3 and 8-h O3 results are similar and their peak values are associated 
with southeasterly and southerly winds in Beijing, southerly and westerly winds in Shanghai, and 
northwesterly winds in Guangzhou. 
 The results clearly show that specific wind directions affect air pollutants more than other 
directions. This is likely due to two reasons. First, the emission intensities of pollutants and their 
precursors in the upwind areas of wind from the specific directions are larger compared to other 
areas. Thus, more pollutants were transported, which is considered as regional transport. The 
results are consistent with previous studies that have shown the importance of regional transport 
of pollutants and their precursors for all three cities (Cheng et al., 2014; Fan et al., 2014; Guo et 
al., 2014; Hu et al., 2014; Wang et al., 2014). Second, the speed of the wind coming from a 
specific direction is smaller compared to those from other directions, which is favorable for the 
accumulation of air pollutants. In the following section, the relationship of top 10% pollutant 
concentrations with wind speed is discussed. 

 
3.5 Profiles of meteorological parameters under extreme air quality conditions  
The top and bottom 10% concentrations of all pollutants are summarized in Table 4. It shows 
that the difference between top 10% and bottom 10% was apparent in all pollutants in all three 
regions. Figure 6 shows the top 10% and bottom 10% PM2.5 associated together with WS and 
wind direction of the days when they occurred. In Beijing, the distribution of top 10% and 
bottom 10% PM2.5, PM10, CO, and NO2 were generally identical. Top 10% was related with 
south and east winds at speeds lower than 2 m/s while bottom 10% was related with northerly 
wind at higher wind speed. SO2, 1-h O3 and 8-h O3 were not different in top 10% and bottom 
10%. In Shanghai, top 10% concentrations of PM2.5, PM10, CO, SO2, and NO2 were associated 
with west wind, indicating contributions from regional transport. Extreme 1-h O3 and 8-h O3 
were associated with southerly wind with speeds less than 2 m/s. Bottom 10% PM2.5, PM10, CO, 
SO2, and NO2 were associated with wind from east and with speeds of 3-5 m/s while bottom 1-h 
O3 and 8-h O3 were related to north wind. In Guangzhou, top 10% concentrations of all 
pollutants were related with northerly wind, confirming that the importance of pollutants 
transport for severe pollution events. While bottom 10% concentrations were related to both 
north and south winds with higher wind speeds. 
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Figure 7 shows the comparison of temperature profiles between top 10% and bottom 10% 
daily pollutants in all three regions. When top 10% PM2.5 concentrations happened, the 
temperatures were within -2 to 25 ˚C with an average of 8 ˚C. Bottom 10% PM2.5 concentrations 
were observed when the temperature was between -5 and 30 ˚C with a higher average of 15 ˚C. 
In Shanghai, the difference between top 10% and bottom 10% were evident, top 10% happened 
more in lower temperature while bottom 10% happened in higher temperature, indicating that 
seasonal difference in PM2.5 was important (see Figure 2). In Guangzhou, both top 10% and 
bottom 10% PM2.5 concentrations occurred mostly in very narrow ranges centered at 15 to 25 ˚C, 
respectively. Temperature profiles of top and bottom PM10 in all three regions were similar to 
PM2.5 but with less differences. Temperature profiles of top and bottom CO, SO2, and NO2 
concentrations were also similar to PM2.5 and PM10, but the ranges and averages varied for 
different species and different regions. Temperature profiles of top 10% and bottom 10% 1-h O3 
and 8-h O3 concentrations were much different from other pollutants. The top 10% O3 
concentrations happened on days with very high temperature while the bottom 10% 
concentrations usually happened on days with very low temperature. The difference in 
temperature was greater than 20 ˚C in Beijing and Shanghai, and less than 10 ˚C in Guangzhou.  

Figure 8 shows the comparison of RH profiles between top 10% and bottom 10% 
concentrations of pollutants. In Beijing, the days of top 10% concentrations PM2.5, PM10, CO, 
and NO2 were with 20% to 40% higher RH compared to the days of bottom 10% concentrations, 
and SO2 and O3 showed no distinct difference in RH. In Shanghai, it showed less fluctuation in 
RH between top and bottom 10%. Top 10% concentrations of pollutants happened on days with 
5% to 15% lower RH than bottom 10% except for PM2.5 and CO. In Guangzhou, the days of top 
10% concentrations of all pollutants were with 5% to 20% lower RH compared to the days of 
bottom 10% concentrations. 

All the surface meteorological parameters examined above are dictated by 
mesoscale/synoptic weather systems. It is meaningful for future air quality forecasting if all the 
meteorological parameters for the top and bottom 10% O3 and PM2.5 concentrations can be 
categorized into certain synoptic weather conditions. For the secondary pollutant of O3, the 
formation depending heavily on temperature and radiation, the top 10% concentrations in all 
three cities occurred under the weather condition of strong radiation and thermal forcing (i.e., 
strong solar radiation and high temperature), while the bottom 10% concentrations were 
observed under weak radiation and thermal forcing.   

For PM2.5, contributed by both primary and secondary sources, it is hard to attribute all 
the favorable conditions for the top and bottom 10% concentrations into a single weather 
condition.  In Beijing, the favorable conditions for the bottom 10% PM2.5 concentrations include 
northerly wind, high temperature, and low RH.  It is very unlikely to locate a weather system, 
which has all these conditions, because northerly wind is mostly associated with low temperature.  
In general, the PM2.5 in the three cities is normally low under either strong synoptic forcing (e.g., 
windy days in spring) or strong thermal forcing (e.g., hot days in summer), while weak synoptic 
forcing and thermal forcing (e.g., calm and cold days in fall and winter) lead to high PM2.5 
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concentrations. Considering the specific locations of emission sources around the three cities, in 
Beijing the top/bottom 10% PM2.5 concentrations were found in the presence of 
southeasterly/northwesterly synoptic wind forcing. In Shanghai, the top/bottom 10% PM2.5 
concentrations were observed in the presence of westerly/easterly synoptic wind forcing. In 
Guangzhou, the top/bottom 10% PM2.5 concentrations occurred in the presence of 
northerly/southerly synoptic wind forcing. 
 
4 Conclusions 
Our results show that all three megacities experienced severe air quality problems in the study 
episode with PM2.5 concentrations higher than the CAAQS. In these three cities, clear seasonal 
trends were observed for PM2.5, PM10, CO, SO2 and NO2 with the maximum concentrations in 
the winter and the minimum in the summer. Such a seasonal variation was likely partially due to 
the seasonal variation of the atmospheric boundary layer (i.e., lower/higher boundary layer in 
winter/summer). The secondary pollutant of O3 exhibited the opposite seasonal trend. 
Substantially different correlations between air pollutants and meteorological parameters were 
observed given the vastly different meteorological conditions. WS reversely correlated with air 
pollutants and O3 positively related to temperature, indicating the important role of horizontal 
wind in pollutants dispersion and the important role of temperature in O3-generating 
photochemical reactions. Easterly wind led to the highest PM2.5 concentrations in Beijing, 
westerly wind led to the highest PM2.5 concentrations in Shanghai, while northern wind blew air 
parcels with the highest PM2.5 concentrations to Guangzhou. The differences in meteorological 
parameters between top 10% and bottom 10% concentrations of pollutants were also examined. 
Northerly winds were related to lower concentrations in Beijing, east winds led to lower 
concentrations in Shanghai, while south winds brought lower concentrations in Guangzhou. Top 
10 % PM2.5, PM10, CO, SO2, and NO2 concentrations were related to lower wind speeds and 
lower temperature while O3 concentrations were more related to higher temperature. Higher RH 
was associated with top 10% pollutants in Beijing but lower values in Guangzhou, while 
Shanghai showed less fluctuation in RH between top and bottom 10%. 

This study generates important information for the role meteorological parameters play in 
the formation of air pollution. It provides a strong knowledge base for decision makers to 
implement effective air pollution control measures in China. It also implies that the impacts of 
global climate change on ambient air pollution and further on public health should be seriously 
considered. Although this study focused on the importance of surface meteorological variables 
on the atmospheric pollutants, vertical structure of the atmospheric boundary layer may also play 
important roles in modulating the surface pollutant concentrations (Hu et al., 2013, 2014; Hu, 
2015; Klein et al., 2014; Haman et al., 2014). A following investigation of the impact of 
boundary layer structure on air pollutants in megacities is warranted once proper meteorological 
observations are available.   
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Table 1. Statistical summary of the daily average concentrations of PM2.5, PM10, and gaseous pollutant 
concentrations during the entire sampling period (March 2013 – February 2014). Units: µg/m3 for PM2.5 
and PM10; ppb for all other gaseous pollutants.  

PM2.5 PM10 CO SO2 NO2 1-h O3 8-h O3 

Beijing 

Average 87.0 109.4 1068.4 8.6 25.4 52.5 45.3 
Min 5.4 14.6 228.8 0.7 4.1 4.3 2.7 
Median 66.7 96.8 869.6 5.1 22.6 42.6 41.5 
Max 391.6 408.8 3882.5 45.7 66.6 143.7 114.6 
Count 342 311 326 332 331 303 303 

Shanghai 

Average 56.1 79.9 703.9 7.3 20.3 56.1 47.5 
Min 6.2 22.5 337.7 2.1 3.3 15.8 11.0 
Median 45.3 64.0 639.4 5.6 18.4 50.1 44.2 
Max 363.4 291.1 2152.4 27.3 53.2 149.9 123.3 
Count 339 311 321 332 332 327 327 

Guangzhou 

Average 51.6 72.5 820.7 7.2 24.4 58.3 45.2 
Min 8.3 19.1 484.5 1.1 8.4 9.7 7.0 
Median 46.7 66.9 782.4 6.7 22.1 55.4 42.4 
Max 155.6 192.7 2101.9 19.7 60.5 139.4 134.0 
Count 320 321 305 313 313 306 306 

Note: The maximum concentrations of PM2.5 and PM10 were not observed on the same day.  
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Table 2. Statistical summary for the daily average measurements of surface wind speed (WS, m/s), 
ambient temperature (T, oC), and relative humidity (RH, %). 

WS T RH 

Beijing 

Average 1.3 13.7 53.1 
Min 0.0 -5.5 11.6 
Median 1.1 13.2 52.1 
Max 5.9 32.3 97.3 
Count 358 358 358 

Shanghai 

Average 2.0 17.3 68.0 
Min 0.2 -0.3 34.5 
Median 1.9 18.4 68.0 
Max 4.6 35.4 98.3 
Count 362 362 362 

Guangzhou 

Average 2.1 21.0 78.0 
Min 0.1 4.9 29.4 
Median 1.8 22.7 79.3 
Max 5.7 30.8 98.3 
Count 362 362 362 
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Table 3. Summary of Spearman-Rank correlation coefficient values. Numbers highlighted in green 
indicate negative correlation, while numbers highlighted in orange indicate positive correlation. The 
darker the color, the stronger the correlation.   

Beijing 
PM2.5 PM10 CO SO2 NO2 1-h O3 8-h O3 

WS 

Spring -0.24 -0.16 -0.35 -0.33 -0.38 0.02 0.00 
Summer 0.16 0.16 0.18 0.23 -0.05 -0.17 -0.08 
Fall -0.37 -0.30 -0.42 -0.22 -0.43 -0.16 -0.15 
Winter -0.25 -0.25 -0.33 -0.35 -0.40 0.37 0.41 

Temp 

Spring -0.03 0.21 -0.27 -0.11 -0.12 0.72 0.71 
Summer -0.26 -0.06 -0.39 -0.06 -0.34 0.54 0.42 
Fall 0.01 0.01 -0.04 -0.37 -0.19 0.66 0.74 
Winter 0.12 0.15 0.09 -0.03 -0.01 0.16 0.08 

RH 

Spring 0.65 0.41 0.55 0.34 0.36 -0.18 -0.13 
Summer 0.52 0.09 0.59 -0.09 0.18 -0.43 -0.33 
Fall 0.66 0.47 0.59 0.14 0.46 0.25 0.23 
Winter 0.86 0.77 0.75 0.68 0.68 -0.54 -0.58 

Shanghai 
PM2.5 PM10 CO SO2 NO2 1-h O3 8-h O3 

WS 

Spring -0.45 -0.39 -0.50 -0.47 -0.53 -0.13 -0.13 
Summer -0.68 -0.58 -0.54 -0.46 -0.65 -0.53 -0.46 
Fall -0.29 -0.17 -0.26 -0.32 -0.55 -0.23 -0.01 
Winter -0.38 -0.28 -0.40 -0.31 -0.62 0.09 0.24 

Temp 

Spring -0.03 -0.16 -0.15 -0.21 -0.22 0.13 0.01 
Summer 0.10 0.39 -0.19 0.45 0.03 0.60 0.61 
Fall -0.54 -0.64 -0.57 -0.70 -0.58 0.13 0.22 
Winter 0.18 0.12 0.04 -0.21 0.14 0.44 0.29 

RH 

Spring -0.26 -0.33 -0.04 -0.47 -0.25 -0.69 -0.66 
Summer -0.09 -0.34 0.22 -0.47 -0.02 -0.56 -0.60 
Fall 0.06 -0.09 -0.01 -0.25 -0.03 -0.11 -0.22 
Winter -0.14 -0.21 -0.19 -0.57 -0.23 0.33 0.36 

Guangzhou 
PM2.5 PM10 CO SO2 NO2 1-h O3 8-h O3 

WS 

Spring -0.02 0.00 -0.18 -0.07 -0.04 -0.03 0.06 
Summer -0.44 -0.42 -0.35 -0.59 -0.50 -0.44 -0.36 
Fall -0.14 -0.23 -0.24 -0.53 -0.46 -0.45 -0.37 
Winter -0.27 -0.18 -0.09 -0.15 -0.50 -0.41 -0.26 

Temp 

Spring -0.48 -0.49 -0.12 -0.02 -0.51 0.19 -0.02 
Summer 0.37 0.48 -0.03 0.34 -0.01 0.67 0.72 
Fall -0.38 -0.33 -0.39 -0.02 -0.40 0.14 0.10 
Winter 0.32 0.24 0.33 0.19 0.32 0.36 0.26 

RH 

Spring -0.38 -0.46 -0.14 -0.16 -0.26 -0.12 -0.32 
Summer -0.35 -0.37 0.03 -0.18 0.17 -0.66 -0.75 
Fall -0.43 -0.53 0.12 -0.10 -0.18 -0.23 -0.36 
Winter -0.25 -0.32 0.00 -0.56 -0.07 -0.37 -0.49 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

18 
 

Table 4. Statistical summary for the top and bottom 10% concentrations of PM2.5, PM10, and other gases 
during the entire sampling period (2013/03 – 2014/02). Units: µg/m3 for PM2.5 and PM10; ppb for all other 
gaseous pollutants. Numbers in the parentheses represent the bottom 10% concentrations.  

PM2.5 PM10 CO SO2 NO2 1-h O3 8-h O3 

Beijing 

Average 243.0 
(14.2) 

247.4 
(32.6) 

2599.2 
(344.7) 

27.2 
(1.4) 

50.4 
(10.9) 

119.7 
(12.6) 

99.7 
(8.3) 

Min 177.6 
(5.4) 

193.6 
(14.6) 

1985.2 
(228.8) 

21.0 
(0.7) 

42.6 
(4.1) 

100.8 
(4.3) 

88.2 
(2.7) 

Max 391.6 
(20.6) 

408.8 
(42.9) 

3882.5 
(407.7) 

45.7 
(1.7) 

66.6 
(13.3) 

143.7 
(19.5) 

114.6 
(13.0) 

Count 34  
(34) 

31  
(31) 

32  
(32) 

33  
(33) 

33  
(33) 

30  
(30) 

30  
(30) 

Shanghai 

Average 150.2 
(15.5) 

188.0 
(33.6) 

1293.0 
(424.0) 

18.7 
(3.1)  

39.9 
(8.1) 

112.2 
(26.1) 

92.7 
(19.8) 

Min 107.2 
(6.2) 

140.8 
(22.5) 

1064.1 
(337.7) 

14.2 
(2.1) 

33. 0 
(3.3) 

92.0 
(15.8) 

77.4 
(11.0) 

Max 363.4 
(19.5) 

291.1 
(39.5) 

2152.4 
(460.3) 

27.3 
(3.7) 

53.2 
(10.1) 

149.9 
(32.3) 

123.3 
(24.8) 

Count 33  
(33) 

31  
(31) 

32  
(32) 

33  
(33) 

33  
(33) 

32  
(32) 

32  
(32) 

Guangzhou 

Average 112.1 
(16.1) 

145.3 
(27.8) 

1221.2 
(591.5) 

13.6 
(2.8) 

45.8 
(12.1) 

111.9 
(18.9) 

95.9 
(14.3) 

Min 91.5 
(8.3) 

123.7 
(19.1) 

1036.8 
(484.5) 

11.5 
(1.1) 

38.7 
(8.4) 

94.6 
(9.7) 

77.0 
(7.0) 

Max 155.6 
(20.6) 

192.7 
(34.8) 

2101.9 
(629.3) 

19.7 
(3.8) 

60.5 
(13.7) 

139.4 
(22.8) 

134.0 
(17.6) 

Count 32  
(32) 

32  
(32) 

30  
(30) 

31  
(31) 

31  
(31) 

30  
(30) 

30  
(30) 
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Figure 1. Maps showing the locations of three megacities in China and the locations of meteorological 
(blue squares) and air quality (red circles) stations in each city. 
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Figure 2. Seasonal variations of criteria air pollutants (Sp, Su, F, and W indicate spring, summer, fall, and 
winter, respectively). The dash lines represent the arithmetic average. The central box represents the 
values from the lower to upper quartile (25th to 75th percentile). The vertical line extends from the 10th 
percentile to the 90th percentile. The middle solid line represents the median. The dash line represents the 
arithmetic average. Outliers are plotted as dots. 
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Figure 3. Seasonal variations of wind speed, temperature, and relative humidity (Sp, Su, F, and W 
indicate spring, summer, fall, and winter, respectively). The central box represents the values from the 
lower to upper quartile (25th to 75th percentile). The vertical line extends from the 10th percentile to the 
90th percentile. The middle solid line represents the median. The dash line represents the arithmetic 
average. Outliers are plotted as dots.  
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Figure 4. Seasonal records of wind speed (m/s) corresponding with wind direction.   
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Figure 5. Box-Whiskers plots with the concentrations of PM2.5 according to their respective wind 
directions. PM10, CO, SO2, NO2, 1-h O3 and 8-h O3 plots are included in supplemental materials (Figure 
S3).  
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Figure 6. Comparison of wind profiles between top 10% and bottom 10% measurements of pollutants.  
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Figure 7. Comparison of temperature profiles between top 10% and bottom 10% pollutant concentrations. 
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Figure 8. Comparison of relative humidity profiles between top 10% and bottom 10% measurements of 
pollutants.  
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Table S1. Statistical summary of the daily average atmospheric boundary layer (unit: meter) during
March 2013 – January 2014 based on the Weather Research and Forecasting (WRF) simulation. 
 
  Spring Summer Fall Winter 

Beijing 

Average 938 967 634 415 
Min 206 291 203 117 
Median 869 962 592 364 
Max  2121 1515 1475 1159 
Count 89 92 91 62 

Shanghai 

Average 540 701 714 568 
Min 146 292 236 209 
Median 524 700 687 563 
Max  900 1160 1419 1151 
Count 89 92 91 62 

Guangzhou 

Average 657 808 694 544 
Min 278 366 349 292 
Median 678 829 717 545 
Max  1021 1063 1064 746 
Count 89 92 91 62 
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Figure S1. Monthly variations of all pollutants.  
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Figure S2. Monthly variations of meteorological parameters. 
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Figure S3. Box-Whiskers plots with the concentrations of PM10, CO, SO2, NO2, 1-h O3 and 8-h O3 
according to their respective wind directions.  


