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ABSTRACT 
 
PM2.5 and ozone (O3) are two major pollutants that are worsening air quality in China. Using 

Guangzhou as a case study, we analyzed the meteorological data and air quality data for 2014–
2016 obtained by 4 weather stations and 10 environmental monitoring stations, respectively, and 
assessed the influence of significant meteorological parameters on the hourly PM2.5 concentration 
and the daily maximum 8-hour-averaged (MDA8) O3 concentration. Calculating each factor’s 
critical values for these concentrations, we found that the hourly PM2.5 concentration tended to 
increase when the relative humidity was > 50%, the hourly rainfall intensity was ≤ 0.6 mm hour–1, 
or the wind speed was ≤ 1.8 m s–1 but otherwise decreased, whereas the MDA8 O3 concentration 
tended to increase when the sunshine duration was > 4 hours, the maximum temperature was 
> 29°C, or the average daily wind speed was ≤ 1.8 m s–1 but otherwise decreased. The wind 
direction was also a crucial factor, as Guangzhou typically experienced severe air pollution when 
westerlies prevailed. Applying the critical values of these various meteorological parameters as 
indicators of air quality, we discovered that the least favorable weather conditions during the 
study period occurred in 2014. These results further our understanding of the relationship 
between weather conditions and pollutant concentrations. Following the novel approach 
proposed in this study, meteorological parameters can be utilized to forecast the air quality or 
compare the effects of weather on pollution between different years. 
 
Keywords: Meteorological parameters, Critical value, PM2.5, Ozone, Guangzhou 

 
1 INTRODUCTION 
 

Severe PM2.5 (particulate matter with an aerodynamic diameter < 2.5 µm) and ozone (O3) 
pollutions in China have attracted the attention of both scientific community and policy makers 
(Pope and Dockery, 2013; Huang et al., 2014; Wang et al., 2017). Elevated PM2.5 concentration 
can reduce the atmospheric visibility, damage the human respiratory system, and affect the 
radiative forcing and regional weather climate (Charlson et al., 1992; Pui et al., 2014; Deng et al., 
2016), while high surface O3 concentrations are harmful to human health and terrestrial 
vegetation (Fuhrer et al., 1997; West et al., 2006). Various emission control measures have been 
implemented by the Chinese government to improve the air quality since 2013, leading to a 
decrease in PM2.5 concentration (Zhang et al., 2019) but an increase in ozone concentration (Li 
et al., 2019). Overall, PM2.5 and O3 are still the major pollutants and the concentrations of them  
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frequently exceed the national air quality standard. Besides emissions, meteorological conditions 
play an important but varying role in the changes in pollutant concentrations (Liu and Wang, 
2020). The meteorological parameters are decisive to the temporal and spatial distribution of 
pollutant concentrations within a short-term period (Zhang et al., 2013a; Zhang et al., 2015; Cai 
et al., 2017). Hence, a further understanding of the relationships between meteorological 
parameters and pollutant concentrations is of significance. 

The influence of meteorological conditions on air quality is generally analyzed from the aspects 
of weather classification (Russo et al., 2014; Zhang et al., 2016), diffusion conditions (Pasch et al., 
2011; Wu et al., 2013), and surface meteorological parameters (Khedairia and Khadir, 2012). The 
method of weather classification can only give a qualitative correspondence for local air quality 
due to its large spatial scale (Zhang et al., 2013b; Russo et al., 2014). Atmospheric diffusion 
conditions are usually characterized by ventilation coefficients, in which the boundary layer 
height is usually observed by sounding or Lidar, or acquired by reanalysis data. However, the 
observational sites are relatively sparse, and either observed or modeled boundary layer height 
has a large uncertainty. Thus, the analysis of surface meteorological measurement is still the most 
effective way to quantitatively describe the impact of meteorological conditions on local air 
quality owing to its dense observation sites and long-term sequence (Zhang et al., 2015). 

Previous studies have used surface meteorological observations to investigate the impact of 
various meteorological parameters on the concentrations of PM2.5 and O3. Zhang et al. (2015) 
used the correlation method to analyze the relationships between meteorological parameters, 
and surface O3 and PM2.5 concentrations in Beijing. Their results showed that the average wind 
speed and relative humidity were the most closely correlated with O3, whereas relative humidity 
and sunshine hours were the most closely correlated with PM2.5 in winter, followed by spring, 
autumn, and summer. They also found that sunshine duration, the mean wind speed, and the 
wind direction were closely related to the O3 concentration. Wang and Ogawa (2015) used the 
correlation and linear regression methods to reveal the effect of meteorological conditions on 
PM2.5 concentration in Nagasaki, Japan. They demonstrated that PM2.5 concentration was 
negatively correlated with the temperature, and positively correlated with the precipitation. Its 
concentration had a positive or negative relationship with the humidity and wind speed, 
depending on the values of meteorological parameters. For the wind direction, the westerly wind 
may bring more pollutants to Nagasaki. Given the accumulative and cleaning effects of wind 
speed on PM2.5 concentration, Tie et al. (2015) proposed the concept of “balanced wind” by a 
box model to estimate the critical value of wind speed that balanced the continuous emissions 
and atmospheric cleaning processes. Namely, when the wind speed is lower than the balanced 
wind, the local air quality is under an accumulative mode, which is favorable to the increase in 
pollutant concentrations. Otherwise, it is in a cleaning mode, which tends to decrease the 
pollutant concentration. Based on this concept, Xu et al. (2016) directly used the measurements 
of the wind speeds and the PM2.5 concentrations to calculate the balanced wind speed in 
Shanghai. They showed that the balanced wind speed (1.8 m s–1) was the key indicator affecting 
the local accumulation and dispersion of PM2.5. 

Despite these studies, a comprehensive study on the modulation by various meteorological 
parameters of PM2.5 and O3 concentrations in a local area is still demanded. Most previous studies 
revealed the relationships between meteorological parameters and pollutant concentrations by 
calculating the correlation coefficients of them but not by quantitatively assessing the critical 
values of different meteorological parameters. Besides wind speed, other meteorological 
parameters, including temperature, relative humidity, precipitation, and sunshine duration, also 
have critical values for the variability of pollutant concentrations, which need to be calculated 
comprehensively. These critical values could be considered as the meteorological indicators of 
the changes in pollutant concentrations and guide air quality forecast. 

The Pearl River Delta (PRD) region is one of the three major economic zones in China, located 
in the south coast of mainland China. With the rapid development of urbanization and 
industrialization, the atmospheric pollution problem caused by fine particles and ozone pollution 
has been highlighted (Zhang et al., 2008; Fang et al., 2019; Wu et al., 2019). Taking Guangzhou 
(see Fig. 1 for its location), the typical megacity in PRD, as an example, this study aims to 
investigate the variation of meteorological parameters on PM2.5 and O3 concentrations using the 
meteorological and air quality observations. Critical values of these meteorological parameters  
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Fig. 1. Locations of weather stations (✽) and environmental monitoring stations (●) used for 
analysis in Guangzhou. 

 

for the variability of PM2.5 and O3 concentrations were calculated. We also used these critical 
values to evaluate the favorability of meteorological conditions during 2014–2016. Section 2 
shows the data and method and Section 3 presents the analysis results. The conclusion and 
implication are given in Section 4. 
 

2 DATA AND METHOD 
 

21. Measurement Data 
We obtained surface meteorological data from Guangdong Meteorological Administration and 

pollutant observation data from Guangdong Environmental Monitoring Center. The observed 
meteorological parameters consisted of temperature, relative humidity, wind speed and wind 
direction, precipitation, and sunshine duration from 2014 to 2016 at 4 weather stations in 
Guangzhou. Pollutant measurement data included the concentrations of PM2.5 and O3 during the 
same period at 10 environmental monitoring stations in Guangzhou. The measurements of 
meteorological parameters and pollutant concentrations were not conducted at the same sites 
and the locations of meteorological stations and environmental monitoring stations are shown 
in Fig. 1. We combined the observed pollutant concentrations at the environmental monitoring 
stations with the nearest weather station of meteorological parameters. If there are two or more 
environmental monitoring stations available, the data of these stations were averaged. 
Therefore, four datasets, namely those at Wushan, Luogang, Panyu, Huadu sites, were derived 
to investigate the relationships between meteorological parameters and pollutant 
concentrations. The data of these four sites were averaged to represent the overall conditions in 
Guangzhou. 
 

2.2 Methods 
Following the concept of “balanced wind speed” proposed by Tie et al. (2015), we investigated 

the critical values of meteorological parameters for the variability and change rate of PM2.5 and 
O3 concentration. The hourly variability of PM2.5 was derived from the changes in the current 
hourly concentration relative to that of the previous hour, while the daily variability of daily 
maximum 8-hour-averaged (MDA8) O3 was derived from the changes in the daily concentration 
relative to that of the previous day. The hourly change rate of PM2.5 [(PM in the current hour 
– PM in the previous hour)/PM in the previous hour × 100] and daily change rate of MDA8 O3 
[(O3 in the day – O3 in the previous day)/O3 in the previous day × 100] were also derived. Since 
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the modulations of individual meteorological parameters for PM2.5 and O3 are different, we 
focused on the key meteorological parameters affecting the concentrations of them according to 
the previous studies. For PM2.5 concentration, its relationships with the hourly relative humidity, 
rainfall intensity, wind speed, and wind direction were explored (Qian et al., 2009; Sun et al., 
2013; Wang and Ogawa, 2015; Xu et al., 2016). For MDA8 O3 concentration, the modulations of 
sunshine duration, maximum daily temperature, wind speed, and wind direction on it were 
revealed (Toh et al., 2013; Zhang et al., 2015). In this study, the results for the Wushan, Luogang, 
Panyu, Huadu sites and four-site average in Guangzhou were analyzed. 
 

3 RESULTS 
 

3.1 Effects of Meteorological Parameters on PM2.5 Concentration 
3.1.1 Relative humidity 

Relative humidity plays an important role in the chemical compositions, size distributions, and 
optical properties of aerosol (Sun et al., 2013). The increase in relative humidity can increase the 
aerosol hygroscopicity, particle size, and thus affect atmospheric visibility (Tan et al., 2013). 
Moreover, the droplets generated through the aerosol hygroscopic growth are conducive to the 
heterogeneous reactions on its surface (Sievering et al., 1991), which can increase the PM2.5 
concentration. Fig. 2 shows the variability and change rate of PM2.5 concentrations in different 
relative humidity sectors by an interval of 5%. The samples with precipitation were excluded. The 
change rate was most significant when the relative humidity is ≤ 20%. The PM2.5 variability is 
positive if the relative humidity is > 40%, > 50%, > 45%, and > 40% at Wushan, Luogang, Panyu, 
and Huadu sites, respectively. For overall Guangzhou, the critical value of relative humidity is 
50%. The increase in PM2.5 concentration with relative humidity > ~50% was attributed to the 
aerosol hygroscopicity growth. With the decrease in relative humidity from ~50%, the PM2.5 
variability switches to be negative, which tends to decrease the concentration. In southern China, 
the low relative humidity often occurs when it is under the control of cold anticyclone weather 
system. During this period, the wind speed is high enough to be favorable for the diffusion of 
pollutants. Meanwhile, the fresh emitted and generated particles have small mean diameter with 
a weak hygroscopicity. Together with low relative humidity, the hygroscopic growth of aerosol is 
insignificant (Tan et al., 2013, 2017). As a result, the low relative humidity is unfavorable for the 
increase in PM2.5 concentrations. 

 

3.1.2 Hourly rainfall intensity 
Precipitation interacts actively with the particles in the air (Qian et al., 2009). Fig. 3 depicts the 

PM2.5 variability and change rate in different rainfall sectors by an interval of 0.1 mm hour–1. The 
change rate was more significant in high rainfall intensity. The critical values of rainfall intensity 
at Wushan, Luogang, Panyu, and Huadu sites are 0.5, 07, 0.6, and 0.6 mm hour–1, respectively. In 
Guangzhou, the PM2.5 variability becomes positive when the rainfall intensity ≤ 0.6 mm hour–1. The 
increase in PM2.5 concentrations at low rainfall intensity can be explained by three reasons. First, 
when the rainfall intensity is small, the relative humidity in the air increases with the evaporation 
of the raindrops; hence the PM2.5 concentration will increase due to aerosol hygroscopic growth 
(Tan et al., 2017). Second, small raindrops can promote the heterogeneous reactions of gases on 
particle surfaces, where reaction products will remain, which increase the concentrations (Fan 
et al., 2015). Third, the scavenging effect of small rain droplets on particles is inefficient (Zhang 
et al., 2004). According to the civil aviation meteorological ground observation specification 
developed by the Air Traffic Management Office of Civil Aviation Administration of China (2020), 
the hourly rainfall is classified into light rain (≤ 2.5 mm hour–1), moderate rain (2.6–8.0 mm hour–1), 
and heavy rain (≥ 8.1 mm hour–1). The result shown that the light rain can not only scavenge 
pollutants but also promote the aerosol hygroscopic growth, and the cleaning effect of the 
moderate rain on particles is not as significant as that of the heavy rain. Fig. 3 also shows that 
the particle removal efficiency by rainfall is significantly effective when hourly rainfall intensity 
≥ 8 mm hour–1. We also found that the removal efficiency is relatively small when the hourly 
rainfall intensity ranging from 6 to 9 mm hour–1. The particle concentration before precipitation 
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Fig. 2. Hourly mean change rate and variability of PM2.5 concentrations in different relative humidity sectors during 2014–2016 
for (a) Wushan, (b) Luogang, (c) Panyu, and (d) Huadu sites, and (e) four-site average. 

 

could be the causes. If the concentration before precipitation is low, the scavenging effect will 
be insignificant. 
 

3.1.3 Hourly wind speed 
Xu et al. (2016) found that the horizontal wind speed is decisive to the influence of local 

diffusion capacity. Fig. 4 shows the PM2.5 variability and change rate in different wind speed 
sectors by an interval of 0.2 m s–1. There are 11,175 effective samples after eliminating those 
with precipitation. The change rate was more significant with low wind speed. In Guangzhou, 
the balanced wind speed was 1.8 m s–1. Namely, when the wind speed ≤ 1.8 m s–1, the PM2.5 
mass concentrations tended to increase according to the positive variability indicative of the 
accumulative mode. In contrast, when wind speed was > 1.8 m s–1, the PM2.5 variability switched  
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Fig. 3. Hourly mean change rate and variability of PM2.5 concentrations in different hourly rainfall sectors during 2014–2016 for 
(a) Wushan, (b) Luogang, (c) Panyu, and (d) Huadu sites, and (e) four-site average. 

 

to be negative, indicating that the local air quality was in the clean mode which was favorable 
for the PM2.5 removal. The balanced wind speed varied at different sites, with 2.4, 2.2, 1.8, and 
1.2 m s–1 for Wushan, Luogang, Huadu, and Panyu sites, respectively. The critical value at Wushan 
site was the highest among these four sites. This site is located in downtown with serious 
pollution, which calls for higher wind speed to transport or diffuse the fine particles. Panyu site 
had the lowest critical value of wind speed, which could be due to its location in suburban areas 
with lower emissions. The results of wind speed in this study have important implications for air 
quality control. Taking Luogang as an example, when the wind speed ranged from 1.8 to 3.0 m s–1, 
its capability to remove particles was limited and the PM2.5 concentration would decline at a low 
rate. In this meteorological condition, strict emission control is needed in case of the occurrence 
of heavy pollution. When the horizontal wind speed > 3 m s–1 the PM2.5 concentration 
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Fig. 4. Hourly mean change rate and variability of PM2.5 concentrations in different wind speed sectors during 2014–2016 for 
(a) Wushan, (b) Luogang, (c) Panyu, and (d) Huadu sites, and (e) four-site average. 

 

would decline significantly, indicating that the horizontal transmission can quickly remove fine 
particles. No emergency measures for emission control are needed in this situation. 
 

3.1.4 Wind direction and its frequency 
Besides wind speed, the wind direction is also an important meteorological parameter 

affecting PM2.5 concentration (Wang and Ogawa, 2015; Zhang et al., 2015). Fig. 5(a) presents the 
variability of PM2.5 concentration, frequency, and contribution rate in different wind directions. 
The contribution rate was calculated by the variability of PM2.5 concentration multiplying the 
frequency of wind direction. Under the calm wind, PM2.5 concentration had a high negative 
variability. However, the contribution rate of the calm wind to the overall PM2.5 concentration 
was not obvious due to its low wind frequency. The southeasterly wind had a higher negative  
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Fig. 5. (a) The four-site-averaged hourly PM2.5 variability, frequency of wind direction, and 
contribution rate of variability (variability multiplies frequency of wind direction) in different 
wind directions during 2014–2016. C denotes the calm wind. (b) is the same as (a) but for MDA8 
O3 variability. 

 

contribution to PM2.5 variability, which indicated lower PM2.5 concentrations under this wind 
direction. The north wind appeared in the highest frequency, but it had a lower negative 
contribution to PM2.5 variability. The north-northeast and south-southwest wind contributed the 
most to the positive PM2.5 variability. 

Fig. 6 shows the wind rose of hourly PM2.5 concentration, illustrating the relationship between 
the concentration and wind speed and wind direction. For the dominant wind direction, it is 
northerly at Huadu and Luogang sites, northerly and southeasterly at the Panyu site, and 
northerly, southerly, and easterly at the Wushan site. At the Luogang site, the PM 2.5 
concentration was lower than the other sites due to its location in suburban areas. The critical 
value of wind speed can be used as an indicator to identify the importance of local emission and 
regional transport to the pollutant concentrations. Under the wind from the east, southeast, 
south, and southwest, the concentration at wind speed < 2.2 m s–1 (the balanced wind speed at 
this site) was higher than that at wind speed > 2.2 m s–1, which indicated that the local emission 
contributed most to the high PM2.5 concentration in this condition. Under the winds from the 
north, northwest and west, PM2.5 concentration would be higher and the difference in 
concentrations was small at lower and higher wind speed, which suggested that the Luogang site 
would experience serious PM2.5 pollution no matter affected by local emissions or regional 
transport. At the Panyu site, the PM2.5 concentration would be higher under the northwesterly 
wind. In view of the lower critical value of wind speed at this site (1.2 m s–1), both the local 
emission and regional transport (from the center of Guangzhou and Foshan cities) were 
important sources of severe PM2.5 pollution. At the Wushan site, the PM2.5 concentration would  
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Fig. 6. The wind rose of hourly PM2.5 concentrations at Wushan, Luogang, Panyu, and Huadu sites. The different color in the 
figure denotes the PM2.5 concentrations, and the black solid line denotes the wind frequency. 

 

be higher with low wind speed (< 2.4 m s–1) under the westerly wind, which suggested that this 
site was more influenced by local emission from downtown area than long range transport. At 
the Huadu site, the PM2.5 concentration was higher at lower wind speed than at higher wind 
speed in all directions, which implied that the PM2.5 pollution at this site was controlled by local 
emissions. 

In the combination of wind direction and wind frequency, we found that the frequency of west 
wind was low. However, there were high PM2.5 concentrations at Huadu, Panyu, Wushan and 
Luogang sites under the westerly wind, which suggested that Guangzhou was likely to suffer from 
severe PM2.5 pollution in this condition. 
 

3.2 Modulation by Meteorological Parameters of O3 
3.2.1 Sunshine duration 

Ozone is a secondary pollutant produced by photochemical reactions, and its concentration is 
positively correlated to the sunshine duration (Zhang et al., 2015). Fig. 7 presents the variability 
and change rate of MDA8 O3 concentration in different sunshine duration sectors by an interval 
of 1 hour. The change rate was more significant with high sunshine duration. The critical values 
of sunshine duration for Wushan (4 hours), Panyu (4 hours), Luogang (3 hours), and Huadu 
(3 hours) sites were obtained, and there is little difference between them. For the four-site 
average, the critical value in Guangzhou is 4 hours. When the sunshine duration > 4 hours, the 
O3 variability was positive and favorable for the increase in concentrations, which reflects that 
the ozone formation is positively correlated with illumination. When the sunshine duration 
ranges from 6 to 10 hours, the positive variability of O3 concentration reaches the peak. However, 
when the sunshine duration ≤ the critical value (~4 hours), the O3 variability switches to be 
negative, which tends to decrease ozone concentrations. This negative variability could be 
attributed to the cloudy weather in a day with short sunshine duration, which is adverse to the 
ozone formation. 

https://aaqr.org/
https://aaqr.org/


ORIGINAL RESEARCH 
 https://doi.org/10.4209/aaqr.2020.03.0084 

Aerosol and Air Quality Research | https://aaqr.org 10 of 18 Volume 21 | Issue 1 | 200084 

 

 

 

Fig. 7. Daily mean change rate and variability of MDA8 O3 concentrations in different sunshine duration sectors during 2014–
2016 for (a) Wushan, (b) Luogang, (c) Panyu, and (d) Huadu sites, and (e) four-site average. 

 

3.2.2 Daily maximum temperature 
The higher maximum daily temperature is conducive to the O3 formation (Toh et al., 2013; 

Zhang et al., 2015). Fig. 8 depicts the variability and change rate of MDA8 O3 concentration in 
different sectors of maximum daily temperature by 1°C interval. High change rate with high 
temperature, but is not the higher the temperature the greater change rate. The critical value of 
maximum daily temperature in Guangzhou is 29°C, and there was little difference between the 
four sites (29°C for Luogang, 29°C for Panyu, 28°C for Wushan, and 28°C for Huadu). On the result 
of the four-site average, when the maximum daily temperature > 29°C, the O3 variability was 
positive and favorable for the increase in O3 concentrations. High O3 concentration occurred 
when the temperature ranges from 32°C to 36°C. When the maximum daily temperature ≤ 29°C, 
the O3 concentration variability was negative and conducive to O3 reduction. 
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Fig. 8. Daily mean change rate and variability of MDA8 O3 concentrations in different maximum daily temperature sectors during 
2014–2016 for (a) Wushan, (b) Luogang, (c) Panyu, and (d) Huadu sites, and (e) four-site average. 

 

3.2.3 Daily mean wind speed 
The magnitude of the horizontal wind speed plays a very important role in the diffusion and 

dilution of ozone concentrations (Zhang et al., 2015). Fig. 9 shows the variability and change rate 
of MDA8 O3 concentration in different average daily wind speed sectors by 0.2 m s–1 interval. For 
the four-site average, the balanced wind speed of O3 variability was 1.8 m s–1, which was 
comparable with that of PM2.5 variability and change rate, reflecting the similar role of wind 
speed in the variation and change rate of O3 and PM2.5 concentrations. The difference of the 
critical value among four sites was small, with 1.8 m s–1 (Huadu), 1.8 m s–1 (Luogang), 1.8 m s–1 
(Wushan), and 1.6 m s–1 (Panyu). In Guangzhou, when the average daily wind speed > 1.8 m s–1, 
the variability of O3 concentration was negative and it tended to decrease. When the average 
daily wind speed ranged from 2.0 to 3.0 m s–1, the reduction of O3 concentration was most  
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Fig. 9. Daily mean change rate and variability of MDA8 O3 concentrations in different average daily wind speed sectors during 
2014–2016 for (a) Wushan, (b) Luogang, (c) Panyu, and (d) Huadu sites, and (e) four-site average. 

 

significant, indicating that the level of transmission could decrease O3 effectively. When the 
average daily wind speed ≤ 1.8 m s–1, the O3 concentration variability was positive, which was 
favorable for the rise in O3 concentration. 

 

3.2.4 Wind direction and its frequency 
The effect of wind direction on the ozone concentration cannot be ignored (Toh et al., 2013). 

Fig. 5(b) presents the variability of O3 concentration, frequency, and contribution rate in different 
wind directions. It is shown that the northwest wind contributed most to the positive O3 
variability, while the southeast wind contributed most to the negative O3 variability. The most 
frequent north wind contributed little to the negative O3 variability. The calm wind had the lowest 
frequency, and also contributed little to the positive ozone variability. 

Fig. 10 depicts the relationship between hourly ozone concentrations and near-surface wind  
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Fig. 10. The wind rose of hourly O3 concentrations (11:00–18:00) at Wushan, Luogang, Panyu, and Huadu sites. The different 
color in the figure denotes the O3 concentrations, and the black solid line denotes the wind frequency. 

 

speed and wind direction in the four sites of Guangzhou. Only the samples between 11:00 and 
18:00 were taken into account due to the generally high O3 concentrations during this period in 
a day. For the four sites, we found that the O3 concentration at wind speed > ~1.8 m s–1 (the 
critical value) was generally higher than that at wind speed below the critical value, especially at 
the Wushan site, which indicated that the regional transport was more important than the local 
emission for O3 formation in Guangzhou. At the Panyu, Luogang and Huadu sites, the O3 
concentration was higher under the westerly wind at higher wind speed (> 1.8 m s–1). The 
regional transport of O3 and its precursors from the urban center of Foshan and Guangzhou city 
could be responsible for this high O3 concentration. At the Wushan site, the O3 concentration 
was higher under the winds from the west at higher wind speed, which indicated the significant 
contribution of regional transport to ozone pollution. In addition, similar to the results for PM2.5 
discussed above, Guangzhou was also likely to suffer from severe ozone pollution under the 
westerly wind. 
 

4 MODULATION BY METEOROLOGY OF THE INTERANNUAL PM2.5 
AND O3 CONCENTRATION 

 
Fig. 11 shows the annual average PM2.5 and O3 concentration from 2014 to 2016 in Guangzhou. 

The decrease in PM2.5 concentrations was found during these three years, which can be explained 
by the strict emission control measures implemented in Guangzhou (Gao et al., 2016). For the 
interannual variation of O3 concentration, it was highest in 2014, then decreased in 2015 and 
leveled off in 2016.  

The interannual variation of these two pollutants could also be affected by the changes in 
meteorological conditions. According to the study above, the critical values of relative humidity, 
hourly rainfall intensity, hourly wind speed, sunshine duration, maximum daily temperature, and 
mean daily wind speed for major pollutant concentrations (PM2.5 and O3) in Guangzhou were 
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obtained. These critical values were used as indicators to evaluate the favorability of 
meteorological conditions to air quality in the past three years (2014–2016). Fig. 12 shows the 
proportions below and above these critical values from 2014 to 2016. On the impacts of 
meteorological parameters on PM2.5 concentration, the proportion below the critical value of 
relative humidity slightly decreased from 2014 to 2016, which suggested the relative humidity in 
2014 tended to decrease the concentrations. However, the proportions below the critical value 
of hourly rainfall intensity (0.6 mm hour–1), and below the critical value of hourly wind speed (1.8 
m s–1) were significantly higher in 2014 than those in 2015 and 2016, which implied the more 
adverse effects of these two meteorological parameters on the decrease in PM2.5 concentration. 
On the impacts of meteorological parameters on O3 concentration, the proportions above the 
critical value of sunshine duration (4 hours), above the critical value of maximum daily 
temperature (29°C), and below the critical value of mean daily wind speed (1.8 m s–1) were 
generally higher in 2014 than those in 2015 and 2016, which indicated that these meteorological 
parameters in 2014 were the most unfavorable for the reduction of O3 concentrations. This 
indication was also suggested by Yin et al. (2019), who used the Kolmogorov-Zurbenko filter 
method to separate the variation of O3 concentrations in Guangzhou induced by meteorological 

 

 

Fig. 11. The annual average PM2.5 and MDA8 O3 concentrations during 2014–2016. The gray and 
green columns denote annual average PM2.5 and MDA8 O3 concentrations respectively. 

 

 

Fig. 12. The proportions above or below the critical values of (a) relative humidity, (b) hourly 
rainfall intensity, (c) hourly wind speed, (d) maximum daily temperature, (e) sunshine duration, 
and (f) mean daily wind speed during 2014–2016. 
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changes. Some scholars established a comprehensive meteorological index to characterize the 
atmospheric diffusion capacity (Adam et al., 2011). In order to help forecasters to 
comprehensively understand the critical values, we also established an integrated index to 
quantitatively evaluate the favorability of meteorological conditions for PM2.5 and O3 pollution 
based on all these critical values. We used the following formula to calculate the integrated index 
for each year. The smaller the integrated index, the better the diffusion conditions. 
 
PMindex = f(RH) × f(Rainfall) × f(ws) (1) 
 
Ozoneindex = f(ss) × f(Tmax) × f(Daily ws) (2) 
 

In the formula, f(RH) represented the probability that the relative humidity > 50%, f(Rainfall) 
represented the probability that the hourly rainfall intensity < 0.6 mm, f(ws) represented the 
probability that the hourly wind speed < 1.8 m s–1; f(ss) represented the probability that the 
sunshine duration > 4 hours, f(Tmax) represented the probability that the maximum daily 
temperature > 29°C, f(Daily ws) represented the probability that the daily wind speed < 1.8 m s–1. 
The larger the index is, the worse the diffusion condition is. Analysis according to Fig. 12, the 
results showed the decline over the past three years for the index of PM2.5 (0.34, 0.28, and 0.27), 
the same trend for the index of O3 (0.25, 0.24, and 0.21), and they all showed that the diffusion 
conditions is worst in 2014. Meteorological factors not only determine the ozone and PM2.5 
generation reaction conditions, but also the transmission and distribution. It can be characterized 
the key meteorological factors of pollutant transport (horizontal wind), diffusion (integrated 
index) and sedimentation (rainfall intensity) and establish the threshold value, which provides 
the basis for the discrimination of pollution process. 

In summary, based on the evaluation results using the critical values of meteorological 
parameters, we suggested that the meteorological conditions were the most unfavorable for 
better air quality in 2014 among these three years (2014–2016). The critical values of 
meteorological parameters obtained in this study worked successfully as indicators to evaluate 
the favorability of meteorological conditions. 
 

5 CONCLUSION AND IMPLICATIONS 
 

Our study used meteorological and air quality data collected from 2014 to 2016 in Guangzhou 
to evaluate the influence of significant meteorological parameters on the hourly PM2.5 
concentration and the daily maximum 8-hour-averaged (MDA8) O3 concentration by calculating 
each factor’s critical values for these pollutant levels. The major conclusions are summarized as 
follows: 
1) The hourly PM2.5 concentration tended to increase when the relative humidity was > 50%, 

the hourly rainfall intensity was ≤ 0.6 mm hour–1, or the wind speed was ≤ 1.8 m s–1 but 
otherwise decreased, whereas the MDA8 O3 concentration tended to increase when the 
sunshine duration was > 4 hours, the maximum daily temperature was > 29°C, or the 
average daily wind speed was ≤ 1.8 m s–1 but otherwise decreased. 

2) The high levels of PM2.5 and O3 at Panyu, Luogang, and Huadu were generally contributed by 
both local and transported emissions, whereas those at Wushan were mainly contributed by 
local emissions. In addition, although westerlies seldom arose, they co-occurred with greatly 
elevated concentrations at Luogang, Wushan, Panyu, and Huadu, indicating that wind from 
this direction is likely to result in PM2.5 or O3 air pollution.  

3) Applying the critical values of the relative humidity, hourly rainfall intensity, hourly wind 
speed, sunshine duration, maximum daily temperature, and mean daily wind speed for the 
PM2.5 and O3 concentrations as meteorological indicators of air quality from 2014 till 2016 
revealed that the weather conditions in 2014 were the least favorable during the study 
period. The integrated index also confirmed that 2014 exhibited the worst diffusion 
conditions of these three years. 

Using Guangzhou as a case study, these results further our understanding of the relationship 
between weather conditions and pollutant concentrations. The critical values of the studied 
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meteorological parameters can be used to identify weather conditions that are favorable or 
unfavorable to air quality. Owing to variations in climate, the values obtained for Guangzhou may 
not be applicable in other regions. However, our methods can be employed to forecast the air 
quality from meteorological parameters. 
 

ACKNOWLEDGMENTS 
 

The authors acknowledge support from the National Key Project of MOST (2016YFC0201901), 
Key-Area Research and Development Program of Guangdong Province (2019B110206001), and 
National Natural Science Foundation of China (41801326). 
 

REFERENCES 
 
Air Traffic Management Office of Civil Aviation Administration of China (2012). Civil aviation 

meteorological ground observation specification. (in Chinese). http://www.ccaonline.cn/wp-
content/uploads/2018/01/8ffa20f938cbf0d1e33b.pdf 

Cai, W., Li, K., Liao, H., Wang, H., Wu, L. (2017). weather conditions conducive to Beijing severe 
haze more frequent under climate change. Nat. Clim. Change 7, 257–262. https://doi.org/10.1 
038/nclimate3249 

Charlson, R.J., Schwartz, S.E., Hales, J.M., Cess, R.D., Coakley, J.A., Hansen, J.E., Hofmann, D.J. 
(1992). Climate forcing by anthropogenic aerosols. Science 255, 423–430. https://doi.org/10.1 
126/science.255.5043.423 

Deng, H., Tan, H., Li, F., Cai, M., Chan, P.W., Xu, H., Huang, X., Wu, D. (2016). Impact of relative 
humidity on visibility degradation during a haze event: A case study. Sci. Total Environ. 569–
570, 1149–1158. https://doi.org/10.1016/j.scitotenv.2016.06.190 

Fan, Q., Lan, J., Liu, Y., Wang, X., Chan, P., Hong, Y., Feng, Y., Liu, Y., Zeng, Y., Liang, G. (2015). 
Process analysis of regional aerosol pollution during spring in the Pearl River Delta Region, 
China. Atmos. Environ. 122, 829–838. https://doi.org/10.1016/j.atmosenv.2015.09.013 

Fang, X., Fan, Q., Liao, Z., Xie, J., Xu, X., Fan, S. (2019). Spatial-temporal characteristics of the air 
quality in the Guangdong−Hong Kong−Macau Greater Bay Area of China during 2015–2017. 
Atmos. Environ. 210, 14–34. https://doi.org/10.1016/j.atmosenv.2019.04.037 

Fuhrer, J., Skarby, L., Ashmore, M.R. (1997). Critical levels for ozone effects on vegetation in 
Europe. Environ. Pollut. 97, 91–106. https://doi.org/10.1016/S0269-7491(97)00067-5 

Gao, W., Tang, G., Ji, D., Liu, Z., Tao, S., Chwng, M., Wang, Y. (2016). implementation effects and 
countermeasures of China's air pollution prevention and control action plan. Res. Environ. Sci. 
29, 1567–1574. https://doi.org/10.13198/j.issn.1001-6929.2016.11.01 

Huang, R.J., Zhang, Y., Bozzetti, C., Ho, K.F., Cao, J.J., Han, Y., Daellenbach, K.R., Slowik, J.G., Platt, 
S.M., Canonaco, F., Zotter, P., Wolf, R., Pieber, S.M., Bruns, E.A., Crippa, M., Ciarelli, G., 
Piazzalunga, A., Schwikowski, M., Abbaszade, G., Schnelle-Kreis, J., Zimmermann, R., An, Z., 
Szidat, S., Baltensperger, U., Haddad, I.E., Prévôt, A.S.H. (2014). High secondary aerosol 
contribution to particulate pollution during haze events in China. Nature 514, 218–222. 
https://doi.org/10.1038/nature13774 

Khedairia, S., Khadir, M.T. (2012). Impact of clustered meteorological parameters on air 
pollutants concentrations in the region of Annaba, Algeria. Atmos. Res. 113, 89–101. 
https://doi.org/10.1016/j.atmosres.2012.05.002 

Li, K., Jacob, D.J., Liao, H., Shen, L., Zhang, Q., Bates, K.H. (2019). Anthropogenic drivers of 2013-
2017 trends in summer surface ozone in China. Proc. Natl. Acad. Sci. U.S.A. 116, 422–427. 
https://doi.org/10.1073/pnas.1812168116 

Liu, Y., Wang, T. (2020). Worsening urban ozone pollution in China from 2013 to 2017 – Part 1: 
The complex and varying roles of meteorology. Atmos. Chem. Phys. 20, 6305–6321. 
https://doi.org/10.5194/acp-20-6305-2020 

Pasch, A.N., MacDonald, C.P., Gilliam, R.C., Knoderer, C.A., Robert, P.T. (2011). Meteorological 
characteristics associated with PM2.5 air pollution in Cleveland, Ohio, during the 2009–2010 
Cleveland multiple air pollutants study. Atmos. Environ. 45, 7026–7035. https://doi.org/10.10 
16/j.atmosenv.2011.09.065 

https://aaqr.org/
https://aaqr.org/
http://www.ccaonline.cn/wp-content/uploads/2018/01/8ffa20f938cbf0d1e33b.pdf
http://www.ccaonline.cn/wp-content/uploads/2018/01/8ffa20f938cbf0d1e33b.pdf
https://doi.org/10.1038/nclimate3249
https://doi.org/10.1038/nclimate3249
https://doi.org/10.1126/science.255.5043.423
https://doi.org/10.1126/science.255.5043.423
https://doi.org/10.1016/j.scitotenv.2016.06.190
https://doi.org/10.1016/j.atmosenv.2015.09.013
https://doi.org/10.1016/j.atmosenv.2019.04.037
https://doi.org/10.1016/S0269-7491(97)00067-5
https://doi.org/10.13198/j.issn.1001-6929.2016.11.01
https://doi.org/10.1038/nature13774
https://doi.org/10.1016/j.atmosres.2012.05.002
https://doi.org/10.1073/pnas.1812168116
https://doi.org/10.5194/acp-20-6305-2020
https://doi.org/10.1016/j.atmosenv.2011.09.065
https://doi.org/10.1016/j.atmosenv.2011.09.065


ORIGINAL RESEARCH 
 https://doi.org/10.4209/aaqr.2020.03.0084 

Aerosol and Air Quality Research | https://aaqr.org 17 of 18 Volume 21 | Issue 1 | 200084 

Pope III, C.A., Dockery, D.W. (2013). Air pollution and life expectancy in China and beyond. Proc. 
Natl. Acad. Sci. U.S.A. 110, 12861–12862. https://doi.org/10.1073/pnas.1310925110 

Pui, D.Y.H., Chen, S.C., Zuo, Z. (2014). PM2.5 in China: Measurements, sources, visibility and health 
effects, and mitigation. Particuology 13, 1–26. https://doi.org/10.1016/j.partic.2013.11.001 

Qian, Y., Gong, D., Fan, J., Leung, L.R., Bennartz, R., Chen, D., Wang, W. (2009). Heavy pollution 
suppresses light rain in China: Observations and modeling. J. Geophys. Res. 114, D00K02. 
https://doi.org/10.1029/2008JD011575 

Russo, A., Trigo, R.M., Martins, H., Mendes, M.T. (2014). NO2, PM10 and O3 urban concentrations 
and its association with circulation weather types in Portugal. Atmos. Environ. 89, 768–785. 
https://doi.org/10.1016/j.atmosenv.2014.02.010 

Sievering, H., Boatman, J., Galloway, J., Keene, W., Kim, Y., Luria, M., Ray, J. (1991). 
Heterogeneous sulfur conversion in sea-salt aerosol particles: The role of aerosol water 
content and size distribution. Atmos. Environ. 25, 1479–1487. https://doi.org/10.1016/0960-
1686(91)90007-T 

Sun, Y., Wang, Z., Fu, P., Jiang, Q., Yang, T., Li, J., Ge, X. (2013). The impact of relative humidity on 
aerosol composition and evolution processes during wintertime in Beijing, China. Atmos. 
Environ. 77, 927–934. https://doi.org/10.1016/j.atmosenv.2013.06.019 

Tan, H., Yin, Y., Gu, X., Li, F., Chan, P.W., Xu, H., Deng, X., Wan, Q. (2013). An observational study 
of the hygroscopic properties of aerosols over the Pearl River Delta region. Atmos. Environ. 77, 
817–826. https://doi.org/10.1016/j.atmosenv.2013.05.049 

Tan, H., Cai, M., Fan, Q., Liu, L., Li, F., Chan, P.W., Deng, X., Wu, D. (2017). An analysis of aerosol 
liquid water content and related impact factors in Pearl River Delta. Sci. Total Environ. 579, 
1822–1830. https://doi.org/10.1016/j.scitotenv.2016.11.167 

Tie, X., Zhang, Q., He, H., Cao, J., Han, S., Gao, Y., Li, X., Jia, X.C. (2015). A budget analysis of the 
formation of haze in Beijing. Atmos. Environ. 100, 25–36. https://doi.org/10.1016/j.atmosenv. 
2014.10.038 

Toh, Y.Y., Lim, S.F., von Glasow, R. (2013). The influence of meteorological factors and biomass 
burning on surface ozone concentrations at Tanah Rata, Malaysia. Atmos. Environ. 70, 435–
446. https://doi.org/10.1016/j.atmosenv.2013.01.018 

Wang, J., Ogawa, S. (2015). Effects of meteorological conditions on PM2.5 concentrations in 
Nagasaki, Japan. 12, 9089–9101. https://doi.org/10.3390/ijerph120809089 

Wang, T., Xue, L.K., Brimblecombe, P., Lam, Y.F., Li, L., Zhang, L. (2017). Ozone pollution in China: 
A review of concentrations, meteorological influences, chemical precursors, and effects. Sci. 
Total Environ. 575, 1582–1596. https://doi.org/10.1016/j.scitotenv.2016.10.081 

West, J.J., Fiore, A.M., Horowitz, L.W., Mauzerall, D.L. (2006). Global health benefits of mitigating 
ozone pollution with methane emission controls. Proc. Natl. Acad. Sci. U.S.A. 103, 3988–3993. 
https://doi.org/10.1073/pnas.0600201103 

Wu, M., Wu, D., Fan, Q., Wang, B.M., Li, H.W., Fan, S.J. (2013). Observational studies of the 
meteorological characteristics associated with poor air quality over the Pearl River Delta in 
China. Atmos. Chem. Phys. 13, 10755–10766. https://doi.org/10.5194/acp-13-10755-2013 

Wu, Z., Zhang, Y., Zhang, L., Huang, M., Zhong, L., Chen, D., Wang, X. (2019). Trends of outdoor 
air pollution and the impact on premature mortality in the Pearl River Delta region of southern 
China during 2006–2015. Sci. Total Environ. 690, 248–260. https://doi.org/10.1016/j.scitotenv. 
2019.06.401 

Xu, J., Chang, L., Qu, Y., Yan, F., Wang, F., Fu, Q. (2016). The meteorological modulation on PM2.5 
interannual oscillation during 2013 to 2015 in Shanghai, China. Sci. Total Environ. 572, 1138–
1149. https://doi.org/10.1016/j.scitotenv.2016.08.024 

Yin, C., Deng, X., Zou, Y., Solmon, F., Li, F., Deng, T. (2019). Trend analysis of surface ozone at 
suburban Guangzhou, China. Sci. Total Environ. 695, 133880. https://doi.org/10.1016/j.scitote 
nv.2019.133880 

Zhang, L., Michelangeli, D.V., Taylor, P.A. (2004). Numerical studies of aerosol scavenging by low-
level, warm stratiform clouds and precipitation. Atmos. Environ. 38, 4653–4665. 
https://doi.org/10.1016/j.atmosenv.2004.05.042 

Zhang, Q., Zheng, Y., Tong, D., Shao, M., Wang, S., Zhang, Y., Xu, X., Wang, J., He, H., Liu, W., Ding, 
Y., Lei, Y., Li, J., Wang, Z., Zhang, X., Wang, Y., Cheng, J., Liu, Y., Shi, Q., … Hao, J. (2019). Drivers 
of Improved PM2.5 Air Quality in China from 2013 to 2017. Proc. Natl. Acad. Sci. U.S.A. 116, 

https://aaqr.org/
https://aaqr.org/
https://doi.org/10.1073/pnas.1310925110
https://doi.org/10.1016/j.partic.2013.11.001
https://doi.org/10.1029/2008JD011575
https://doi.org/10.1016/j.atmosenv.2014.02.010
https://doi.org/10.1016/0960-1686(91)90007-T
https://doi.org/10.1016/0960-1686(91)90007-T
https://doi.org/10.1016/j.atmosenv.2013.06.019
https://doi.org/10.1016/j.atmosenv.2013.05.049
https://doi.org/10.1016/j.scitotenv.2016.11.167
https://doi.org/10.1016/j.atmosenv.2011.09.065
https://doi.org/10.1016/j.atmosenv.2011.09.065
https://doi.org/10.1016/j.atmosenv.2013.01.018
https://doi.org/10.3390/ijerph120809089
https://doi.org/10.1016/j.scitotenv.2016.10.081
https://doi.org/10.1073/pnas.0600201103
https://doi.org/10.5194/acp-13-10755-2013
https://doi.org/10.1016/j.scitotenv.2019.06.401
https://doi.org/10.1016/j.scitotenv.2019.06.401
https://doi.org/10.1016/j.scitotenv.2016.08.024
https://doi.org/10.1016/j.scitotenv.2019.133880
https://doi.org/10.1016/j.scitotenv.2019.133880
https://doi.org/10.1016/j.atmosenv.2004.05.042


ORIGINAL RESEARCH 
 https://doi.org/10.4209/aaqr.2020.03.0084 

Aerosol and Air Quality Research | https://aaqr.org 18 of 18 Volume 21 | Issue 1 | 200084 

24463–24469. https://doi.org/10.1073/pnas.1907956116 
Zhang, X., Sun, J., Wang, Y., Li, W., Zhang, Q., Wang, W., Quan, J., Cao, G., Wang, J., Yang, Y., 

Zhang, Y. (2013a). Factors contributing to haze and fog in China. Chin. Sci. Bull. 58, 1178–1187. 
https://doi.org/10.1360/972013-150 

Zhang, Y., Mao, H., Ding, A., Zhou, D., Fu, C. (2013b). Impact of synoptic weather patterns on 
spatio-temporal variation in surface o3 levels in Hong Kong during 1999–2011. Atmos. Environ. 
73, 41–50. https://doi.org/10.1016/j.atmosenv.2013.02.047 

Zhang, Y., Ding, A., Mao, H., Nie, W., Zhou, D., Liu, L., Huang, X., Fu, C. (2016). Impact of synoptic 
weather patterns and inter-decadal climate variability on air quality in the North China Plain 
during 1980–2013. Atmos. Environ. 124, 119–128. https://doi.org/10.1016/j.atmosenv.2015.0 
5.063 

Zhang, Y.H., Su, H., Zhong, L.J., Cheng, Y.F., Zeng, L.M., Wang, X.S., Xiang, Y.R., Wang, J.L., Gao, 
D.F., Shao, M., Fan, S.J., Liu, S.C. (2008). Regional ozone pollution and observation-based 
approach for analyzing ozone–precursor relationship during the PRIDE-PRD2004 campaign. 
Atmos. Environ. 42, 6203–6218. https://doi.org/10.1016/j.atmosenv.2008.05.002 

Zhang, Z., Zhang, X., Gong, D., Quan, W., Zhao, X., Ma, Z., Kim, S.J. (2015). Evolution of surface O3 
and PM2.5 concentrations and their relationships with meteorological conditions over the last 
decade in Beijing. Atmos. Environ. 108, 67–75. https://doi.org/10.1016/j.atmosenv.2015.02.071 

 
 

https://aaqr.org/
https://aaqr.org/
https://doi.org/10.1073/pnas.1907956116
https://doi.org/10.1360/972013-150
https://doi.org/10.1016/j.atmosenv.2013.02.047
https://doi.org/10.1016/j.atmosenv.2015.05.063
https://doi.org/10.1016/j.atmosenv.2015.05.063
https://doi.org/10.1016/j.atmosenv.2008.05.002
https://doi.org/10.1016/j.atmosenv.2015.02.071

	ABSTRACT
	1 INTRODUCTION
	2 DATA AND METHOD
	21. Measurement Data
	2.2 Methods

	3 RESULTS
	3.1 Effects of Meteorological Parameters on PM2.5 Concentration
	3.1.1 Relative humidity
	3.1.2 Hourly rainfall intensity
	3.1.3 Hourly wind speed
	3.1.4 Wind direction and its frequency

	3.2 Modulation by Meteorological Parameters of O3
	3.2.1 Sunshine duration
	3.2.2 Daily maximum temperature
	3.2.3 Daily mean wind speed
	3.2.4 Wind direction and its frequency


	4 Modulation by Meteorology of the Interannual PM2.5 and O3 Concentration
	5 CONCLUSION AND IMPLICATIONs
	ACKNOWLEDGMENTS
	REFERENCES

