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Air quality in China is characterized by significant spatial and temporal differences, which are directly related to local meteorological
conditions. This study used air quality monitoring data, namely, the air pollution index (API) and air quality index (AQI) between
2005 and 2018, together with meteorological data and identified key meteorological factors that affected the spatial and temporal
variation of air quality using a random forest algorithm. The spatial and temporal differences in the threshold values of different
meteorological factors affecting the concentrations of PM, 5, PM;g, SO,, CO, NO,, and O; were identified. The AQI has the
advantages of facilitating higher index values than the API The air quality showed an improvement from 2005 to 2018. Wind
direction and precipitation were the most important meteorological factors affecting the air quality in northern and southern China,
respectively, which to some extent reflected the causes and degradation mechanisms of air pollution in the two regions. There were
significant spatial and temporal differences in the effects of meteorological factors on the concentrations of different pollutants. The
influence of atmospheric pressure on pollutant concentration differed between the east and west. Precipitation and relative humidity
in most cities had significant impacts on PM,; 5 and PM;,. The influence of relative humidity was most significant for SO, and it also
had a great influence on Os, while wind speed had a great influence on NO,. The results of the study confirm the meteorological
sensitivity of air quality and provide support for the implementation of regional air pollution prevention and control initiatives.

of the “Air Pollution Prevention and Control Action Plan”

1. Introduction

In recent years, China has experienced large-scale industri-
alization and rapid urbanization, but has also paid the price of
environmental pollution, especially air pollution, which is
characterized by large-scale haze [1-4]. China’s Ministry of
Ecology and Environment has conducted long-term air
quality monitoring. The air quality datasets are expressed as
an air pollution index (APL: before 2012) and air quality index
(AQI: after 2013), which can intuitively evaluate the air quality
status. At the same time, the formulation and implementation

and regional (e.g., Beijing-Tianjin-Hebei, Yangtze River Delta,
and Pearl River Delta) joint prevention and control policies
for air pollution also demonstrate the determination of the
Chinese government to control air pollution.

Air quality depends not only on the concentration and
quantity of pollutants emitted, but also on regional and local
meteorological conditions, which determine whether air pol-
lutants are concentrated, diluted, or transported [5, 6]. Re-
searchers have investigated the spatiotemporal relationship
between air pollution and meteorological conditions, including
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the atmospheric processes and mechanisms affecting individual
pollutants, and predictions of the effects of meteorological
conditions on pollution levels [7-12]. Most of these studies have
focused on cities and regions with severe air pollution issues and
dense populations, such as Beijing [13-15], the Yangtze River
Delta [16, 17], and California [18, 19], Iberia [20], Iran [21, 22],
and Milan area [23, 24]. In addition, researchers have identified
the large-scale spatiotemporal characteristics of atmospheric
pollution and their relationships with key meteorological factors
[25, 26]. The existing research has shown that meteorological
conditions have temporal and spatial control on the impact of
air pollution [27-29]. At the same time, European scholars also
studied the influence of meteorological conditions on the
pollutant concentration after forest fires [30-32]. However, the
spatiotemporal characteristics of meteorological factors on the
thresholds of typical atmospheric pollutants are not known.
Additionally, the consistency of long-term sequences of data
(such as the API and AQI) and their relationship with pollutant
concentrations are uncertain.

The random forest model, as a classification and pre-
diction model, has a high operating efficiency and accuracy
for multidimensional feature dataset classification and is
often used to select the importance of feature factors. The
random forest model has been widely used in geography
[33], environmental science [34], ecology [35, 36], and the
social sciences [37]. The model has a strong tolerance of
outliers and noise, and multiple influencing factors can be
calculated by the model at the same time to obtain accurate
and comprehensive information.

Therefore, the objectives of this study were to (1) compare
the consistency of API and AQI data, (2) identify the key
meteorological factors that affect air quality under different
temporal and spatial conditions, and (3) measure the threshold
of the influence of meteorological factors on the typical air
pollutant concentrations through a random forest classification
and a regression analysis between air quality and meteorological
factors in 221 cities in China. The results can be used to improve
regional air pollution prediction systems and develop joint
prevention and control strategies.

2. Data and Methods
2.1. Data Collection

2.1.1. Air Pollution Data. The Ministry of Ecology and
Environment of the People’s Republic of China (http://www.
mee.gov.cn/) has provided air quality monitoring data for
371 cities since 2000. The API and AQI are used to quantify
the state of air quality. The API was made public from 2000
to 2012 to evaluate the daily SO,, NO,, and PM;, pollution
levels of 120 cities. The AQI was then introduced in 2012.
Initially, the index was used to convey information regarding
the concentration of pollutants such as O;, CO, and PM, s,
which best reflect the characteristics of the overall composite
air pollution. Then, the expression of the index classification
levels was adjusted to better describe the impact of the
corresponding level of air pollutants on human health. In
addition, the temporal accuracy of the data was improved
(hourly) and the calculation cycle was updated (0-24h).
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Finally, the scope of monitoring was expanded. The mon-
itoring program now covers 371 cities in China. The API and
AQI classification standards are aligned with the air quality
standards (GB3095-1996 and GB3095-2012).

2.1.2. Meteorological Data. Meteorological data were ob-
tained from the China National Meteorological Science Data
Centre, which provides the Chinese ground climate standard
dataset (http://data.cma.cn/site/index.html). This dataset
contains daily values of air pressure, temperature, precipi-
tation, evaporation, relative humidity, wind direction (WD)
and speed, sunshine hours, and ground temperature (0 cm)
at 699 reference stations and basic meteorological stations in
China since January 1951. In this study, mean air temper-
ature (T), mean air pressure (AP), mean relative humidity
(RH), mean wind speed (WS), daily precipitation (P), and
wind direction were selected as the six key meteorological
factors to study their spatial and temporal effects on air
quality. To compare the seasonal differences of meteoro-
logical factors on air quality, this study investigated the
spring (March, April, and May), summer (June, July, and
August), autumn (September, October, and November), and
winter seasons (December, January, and February).

2.1.3. Case City Selection. To study the relationship between
air quality and meteorology, air quality monitoring stations
and meteorological monitoring stations were selected with
precise spatial matching. We matched two datasets from the
two types of station and selected a total of 221 case cities
(Figure 1 and Supplemental Table 1). From these cities, we
selected 84 with both an effective daily AQI and API as
research objects to explore the similarities and differences
between the two indexes, while 67 cities with both effective
daily air quality (AQI and API) and meteorological moni-
toring data were selected to identify the key meteorological
factors affecting air quality under different spatial and
temporal conditions. A total of 209 cities with both effective
daily pollutant concentration and meteorological monitor-
ing data were selected as research objects to determine the
influence threshold of meteorological factors on typical air
pollutant concentrations.

2.2. Random Forest. The random forest (RF) algorithm
integrates multiple trees through the concept of integrated
learning. Its basic unit is the decision tree. By classifying the
data, it can give the importance score of each variable
according to out-of-bag (OOB) observations and evaluate
the role of each variable in the classification. In this study,
the importance of meteorological factors to API and AQI
values and typical pollutant concentrations was quantified
using a random forest model to explore the relationship
between the API, AQIL and pollutant concentrations and six
meteorological factors.

The number of original samples was N and the variables x;
were air pressure, temperature, relative humidity, precipitation,
wind speed, and wind direction. The bootstrap method was
applied to randomly select # new bootstrap samples by putting
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FiGure 1: Locations of case cities.

them back, and the samples that were not selected each time
constituted n OOB. The realization process was as follows:

(1) The bootstrap samples formed each tree classifier. At
the same time, the corresponding OOB classification
obtained n bootstrap samples based on the OOB of
the vote score, which was recorded as V, V5, ..., V,,.

(2) Samples of variable x; had an n OOB value of the
order of the random change and formed new OOB
test samples. They were then used to_establish the
random forest for classifying new OOB samples
according to the correct discrete sample number of
each sample as a vote score.

(3) With n bootstrap samples, each sample had OOB
scores Vi, V,, ..., V,, minus the score of each
variable after the random order change in n OOB
samples. The importance score of variable x; was
determined after summing the average values. The
importance score is defined as follows:

1 nlree — .
Vix; =— Z <errOOB’t - errOOBt),
ntree =1

1

where 7. is the number of trees in the random forest
algorithm. In this study, 7. = 500, errOOB is the error out-
of-bag, and errOOB is a new error out-of-bag [38].

The model parameters in this study were as follows: number
of trees = 500; number of node variables = 2; minimum sample

size of leaf nodes = 5; independent variables were the six me-
teorological factors (AP, T, RH, P, WS, and WD); and the
dependent variables were API, AQI, and pollutant concentra-
tions. Taking the importance scoring of the six meteorological
factors as an example, the importance scoring process for
random forest variables is explained in Figure 2.

The importance score of the random forest classification
was expressed by the number of fitting differences and was
used to calculate the difference in the prediction accuracy
between all trees. This was standardized with the standard
deviation, and the mean square error was defined as follows:

n

1 _
MSE = 0 Z (vi =),
i=1

(2)

where j; is the output of the observed value of the reaction
quantity and the predicted value of y; (i=1, 2, ..., n).

2.3. Threshold of the Influence of Meteorological Factors on Air
Pollutant Concentrations. In this study, the influence
threshold of meteorological factors on the concentration of
typical air pollutants was measured by calculating the partial
dependence relationship between meteorological factors and
pollutant concentration. The partial dependence relationship is
the tendency of the dependent variable (pollutant concentra-
tion) to change the independent variable (meteorological fac-
tors), which is calculated by considering the average effect of
other variables on the dependent variable.
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FIGURE 2: Importance scores of six meteorological factors.

The function plotted is defined as follows:
- 1&
f=2 ) f (i), (3)
i=1

where x is the variable for which partial dependence is
sought (a meteorological factor) and x;c are the other
variables in the data (other meteorological factors). The
summand is the predicted regression function for the re-
gression and logit (i.e., log of fraction of votes), for which the
classification is as follows:

K
fO=log p () Ylog p (0 (4)
=1

where K is the number of classes, k is the class, and pjis the
proportion of votes for class j [39].

Taking the influence of winter meteorological factors on the
PM, 5 concentration in Beijing from 2014 to 2018 as an example,
the process of measuring the influence threshold of meteoro-
logical factors on typical air pollutant concentrations can be
illustrated. The partial dependence relationship between me-
teorological factors and PM, 5 concentration was analyzed using
daily data, and the partial dependence plot between meteoro-
logical factors and PM, s concentration was drawn (Figure 3).
The PM, 5 concentration reached the maximum when the air
pressure was 1011.47hPa. In this study, the meteorological
factors corresponding to the maximum pollutant concentra-
tions in each season in 209 cities were calculated to determine
the influence thresholds of the seasonal meteorological factors
on the typical air pollutant concentrations, and the spatial
differences were further analyzed.

2.4. Technology Roadmap. To provide a clear overview of the
research process, we produced a detailed technology
roadmap (Figure 4).

3. Results
3.1. Spatiotemporal Comparative Analysis of the API and AQI

3.1.1. Interannual Changes of the API and AQI. In this study,
API values in 2005-2012 and AQI values in 2014-2018 for 84
cities in China were calculated and their spatial and temporal
differences were evaluated (Figure 5). The API and AQI
values of northern cities were generally higher than those of
southern cities, indicating that the air quality of southern
cities was better than that of northern cities [40]. In par-
ticular, the API and AQI values of cities dominated by steel
and coal were significantly higher [29]. The annual mean

API and AQI values in Lanzhou and Qinhuangdao were the
highest of all cities at 102.61 and 134.26, respectively. This
was closely related to topography and pollutant emissions
[41, 42]. In contrast, Haikou had the smallest annual mean
API and AQI values, which was mainly due to the orien-
tation of its urban development and climatic conditions.
Compared with the annual mean change in the API from
2005 to 2012, the API in most northern cities displayed a
downward trend, with Datong having the largest decline,
dropping from 108.03 to 63.47. In contrast, the API fluc-
tuations in most cities in the south were relatively small. In
2014-2018, the AQI trend in cities in China was similar to
that of the API, and the air quality showed an improvement.
Shijiazhuang showed the greatest improvement in annual
average AQI, which decreased from 158.73 to 119.5.

3.1.2. Seasonal Changes of the API and AQIL The API and
AQI exhibited seasonal characteristics (Figure 6). The average
APT and AQI values in winter in the selected cities were sig-
nificantly higher than those in other seasons, with maximum
values of 78.99 and 103.51, respectively. The second highest
values were recorded in spring, with average API and AQI
values of 72.16 and 86.55, respectively. The best air quality was
observed in summer, with average API and AQI values of 58.06
and 73.84, respectively. The seasonal trends were largely de-
pendent on the winter heating period (coal dominated) and local
climate characteristics [43]. In winter, the height of the mixed
layer in most northern areas was relatively low, with stable
weather resulting in the continuous accumulation of pollutants
and less precipitation than in other seasons, which increases the
frequency and severity of air pollution episodes [44]. These
seasonal differences were extremely obvious from a spatial
perspective. In winter, the API and AQI values in northern cities
were much higher than those in southeastern coastal cities. In
addition to the direct sources of pollutants, such as industrial
emissions, water vapor is plentiful in the atmosphere of the
southeastern coastal cities, and sea salt aerosols can act as
condensation nuclei, increasing the frequency of wet deposition,
and greatly reducing atmospheric pollutant levels [45].

3.2. Relationship between the API/AQI and Meteorological
Factors. The importance of the influence of six meteoro-
logical factors on the API and AQI in different seasons was
calculated using the random forest algorithm, and spatial
clustering was conducted accordingly. The degree of influ-
ence of meteorological factors on the API and AQI had
significant spatial differences.
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FIGURE 3: Partial dependence plots between meteorological factors and PM, 5 concentrations in Beijing in winter.

3.2.1. Relationship between the API and Meteorological
Factors. The API was influenced most by wind direction
and precipitation (Figure 7). However, there were sig-
nificant spatial differences between northern and southern
China. The most important meteorological factor affecting
API values in northern cities was wind direction, followed
by precipitation. For example, the importance score for the
impact of wind direction on the API in Shizuishan was
0.28. Wind direction had a significant role in the accu-
mulation or diffusion of pollutants in the north [46-48].
Precipitation had a large impact on the API of southern
cities, followed by wind direction; for example, the im-
portance score in Fuzhou was 0.34. This indicated that the
wet deposition of pollutants was the dominant process in
southern cities [49, 50].

There were significant local spatial differences in the
influences of other meteorological factors among the sea-
sons. Relative humidity influenced the API in all parts of the
country. Under a high relative humidity, high PM;, and SO,
concentrations promote the formation of secondary parti-
cles and further aggravate air pollution [29]. In spring and
summer, wind speed had the most significant impact on the
API in southeastern coastal areas. In autumn, precipitation
in some northern cities had a significant impact on the API;
for instance, its importance score in Anshan was 0.26. In
winter, the importance of wind speed in northern and
northeastern cities increased significantly.

3.2.2. Relationship between the AQI and Meteorological
Factors. The trend of the influences of meteorological factors
on the AQI was consistent with that of the API for southern and
northern cities, i.e., wind direction had the most significant
influence on the AQI in northern cities, while precipitation was
more significant in southern cities (Figure 8). However, the
influences of the other meteorological factors on the AQI were
only consistent with those on the API in autumn, and there
were some spatial differences in the other seasons. In spring,
wind direction had a far greater influence on the AQI than
precipitation in northern and central cities, making it the most
influential meteorological factor. In summer, wind speed was
more important than relative humidity in most eastern cities.
Precipitation was the most important meteorological factor in
Beijing, Tianjin, and most cities in the middle and lower reaches
of the Yangtze River. In winter, the importance of wind di-
rection in some northern cities significantly increased, while the
importance of wind speed in the middle and lower reaches of
the Yangtze River was greater than that of relative humidity.

3.3. Relationship between Pollutant Concentration and
Meteorological Factors

3.3.1. Verification of Model Accuracy. Before measuring the
spatial effects of meteorological factors on the typical air
pollutant concentration using the random forest algorithm,
the accuracy of the model was verified. In this study, the
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meteorological monitoring data of 209 cities from January 1,
2014, to January 19, 2019, were used to predict the con-
centrations of six air pollutants and compare the estimates
with the actual monitored concentrations. The simulation
results showed that the coeflicients of determination for the
six pollutant concentrations were all over 0.79, with the value
for NO, being 0.88. The simulation showed that the random
forest model was stable and the precision was reliable
(Figure 9).

3.3.2. Spatial Pattern of the Importance of the Impacts of
Meteorological Factors on Pollutant Concentrations. The

random forest algorithm was used to calculate the impor-
tance of the impacts of six meteorological factors on different
pollutant concentrations in different seasons and to provide
further spatial clustering:

(a) Relationship between PM, s Concentration and Me-
teorological Factors. At the national scale, the effects of
relative humidity and temperature on the PM, s concen-
tration were most significant in central and northern China
(Figure 10). In Shanxi Province, temperature had the
greatest influence on the PM, 5 concentration in autumn; for
example, the importance score in Taiyuan was 0.41. In
Henan Province, relative humidity had the greatest influence
on the PM,; concentration in spring and winter. For
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example, the importance score of the impact of relative
humidity in spring on the PM,s concentration in
Zhengzhou was 0.42. High humidity is an important con-
dition supporting the development of heavy fog and serious
air pollution. This is because water vapor can absorb pol-
lutants, which act as a condensation core to make small
water droplets larger and simultaneously impede pollutant
retention and nonproliferation [51, 52]. For southern and
eastern China, wind speed had the most significant impact
on the PM, s concentration in spring in most cities; for
example, the importance score in Xiamen was 0.38. Tem-
perature had a large impact on the PM, 5 concentration in
summer; for example, the importance score in Wuzhou was
0.37. High temperatures in summer may affect the PM, 5
concentration in these areas, but in the coastal areas of
Guangdong Province, relative humidity had the largest
impact on the PM, s concentration; for example, the im-
portance score in Zhanjiang was 0.41. In autumn and winter,
relative humidity had a large impact on the PM, s con-
centration [52]. For example, the importance score for the
impact of relative humidity on the PM, 5 concentration in
autumn in Jiujiang was 0.39. For northeastern China,
temperature had the most significant impact on the PM, 5
concentration in most cities in spring, summer, and autumn.
For example, the importance score for the impact of tem-
perature on the PM, 5 concentration in Huludao in spring
was 0.4. Meanwhile, in winter, the influence of relative
humidity was more significant; for example, the importance
score in Dalian was 0.63. In northwestern China, temper-
ature was the most important meteorological variable

influencing the PM, 5 concentration in spring and autumn.
For example, the importance score of the impact of tem-
perature on the PM, 5 concentration in Karamay in spring
was 0.48. Relative humidity was the most important me-
teorological variable influencing the PM, 5 concentration in
summer and winter. For example, the importance score of
the impact of relative humidity on the PM, 5 concentration
in summer in Xining was 0.37. In southwestern China,
meteorological factors had no obvious impact on the PM, 5
concentration, while elsewhere, precipitation, temperature,
and relative humidity had an influence. In the eastern part of
Sichuan Province, in spring, autumn, and winter, precipi-
tation had a large influence on the PM, 5 concentration. For
example, the importance score of the impact of precipitation
on the PM, 5 concentration in Mianyang in winter was 0.34.

(b) Relationship between PM;, Concentration and Me-
teorological Factors. At the national scale, precipitation and
temperature in most cities in central and northern China
had the most significant impacts on PM;, concentration
(Figure 11). In northern China, temperature had greatest
impact on the PM,, concentration in spring; for example,
the importance score in Yuncheng was 0.4. In central China,
precipitation had the greatest impact on the PM;, con-
centration in autumn; for example, the importance score in
Kaifeng was 0.44. For most cities in southern and eastern
China, temperature and relative humidity had the most
significant impacts on the PM;, concentration in spring and
summer. For example, the importance scores of the impacts
of temperature and relative humidity on the PM;, con-
centrations in Huainan in spring were 0.22 and 0.28,
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respectively. In autumn and winter, temperature and pre-
cipitation had large impacts on the PM;, concentration. For
example, the importance scores of the impacts of temper-
ature and precipitation on the PM;, concentrations in
Nanjing in autumn were 0.22 and 0.35, respectively.
Meanwhile, in coastal areas of Guangdong Province, relative
humidity had a greater impact on PM;, concentrations; for
example, the importance score in Zhanjiang was 0.72. In
northeastern China, the relationships between meteoro-
logical factors and PM,, concentration were similar to those
of PM, 5 concentration. In northwestern China, temperature
and relative humidity had the most significant impacts on
the PM;, concentration in spring, summer, and winter. For
example, the importance scores of temperature and relative
humidity on the PM;, concentration in Karamay in spring
were 0.34 and 0.27, respectively. Precipitation had the most
significant impact on the PM;, concentration in autumn; for
example, the importance score in Hanzhong was 0.38. In
southwestern China, precipitation had the most significant

impact on the PM, concentration in autumn; for example,
the importance score in Leshan was 0.55, although tem-
perature, relative humidity, and precipitation in the other
three seasons also influenced PM;,.

(c) Relationship between SO, Concentration and Mete-
orological Factors. At the national scale, relative humidity
and temperature had the most significant effects on the SO,
concentration in most parts of China (Figure 12). In
northern China, temperature had a crucial influence on the
SO, concentration in spring and autumn; for example, the
importance score in Changzhi was 0.4. Relative humidity
influenced the SO, concentration in summer and winter; for
example, the importance score in Zhangjiakou was 0.44. In
central and southern China, relative humidity had the most
significant effect on the SO, concentration, especially in
Henan Province and central and southern China in winter.
For example, the importance score of the impact of relative
humidity on the SO, concentration in Anyang in summer
was 0.46. In eastern China, relative humidity had the most
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significant effect on the SO, concentration in most cities in
winter; for example, the importance score in Nantong was
0.53. Seasonal temperature, relative humidity, and wind
speed and direction all influenced SO, concentration. In
northeastern China, temperature had the most significant
effect on the SO, concentration in spring and autumn; for
example, the importance score in Shenyang in spring was
0.6. However, relative humidity had a more significant in-
fluence on the SO, concentration in summer and winter; for
example, the importance score in Fushun was 0.6. The re-
lationships between meteorological factors and the SO,
concentration in northwestern China were consistent with

those for PM, 5. In southwestern China, temperature had the
most significant effect on the SO, concentration; for ex-
ample, the importance score in Chengdu in spring was 0.36.

(d) Relationship between CO Concentration and Meteoro-
logical Factors. At the national scale, in most parts of the
country, temperature had a significant impact on the CO
concentration in spring and autumn, while temperature,
relative humidity, and wind speed influenced the CO
concentration in summer and winter (Figure 13). In
northern China, relative humidity had a great influence on
the CO concentration in summer and winter; for example,
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the importance score in Beijing in summer was 0.38. In
central and southern China, temperature had a great in-
fluence on the CO concentration in winter; for example, the
importance score in Zhangjiajie was 0.33. Atmospheric
pressure and wind speed affected the CO concentration in
summer. In eastern China, wind speed had the most sig-
nificant effect on the CO concentration in summer; for
example, the importance score in Shanghai was 0.4. Tem-
perature, wind speed, and precipitation all affected the CO
concentration in winter. In northeastern China, temperature
and wind speed had the most significant effects on the CO
concentration in summer. For example, the importance

scores of the impacts of temperature and wind speed on the
CO concentration in Jiamusi were 0.54 and 0.25, respec-
tively. Relative humidity and wind speed had the most
significant effects on the CO concentration in winter. For
example, the importance scores of the impacts of relative
humidity and wind speed on the CO concentration in
Dandong were 0.5 and 0.3, respectively. In northwestern and
southwestern China, wind speed, temperature, and relative
humidity influenced the CO concentration in summer and
winter.

(e) Relationship between NO, Concentration and Mete-
orological Factors. At the national scale, temperature and
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FIGURE 12: Relationship between SO, concentration and meteorological factors.

wind speed had significant impacts on the NO, concen-
tration in most parts of the country (Figure 14). In northern
China, relative humidity also influenced the NO, concen-
tration in summer; for example, the importance score in
Beijing was 0.49. In spring and summer in southwestern
China and autumn in northeastern China, temperature also
had a great influence on the NO, concentration. For ex-
ample, the importance score of the impact of temperature on
the NO, concentration in spring in Chengdu was 0.35. The
rest of the region was significantly affected by wind speed.

(f) Relationship between Os; Concentration and Meteo-
rological Factors. At the national scale, temperature and
relative humidity had significant impacts on the Oz con-
centration in most parts of the country (Figure 15). Relative
humidity had the most significant effect on the O; con-
centration in southern China; for example, the importance
score in Haikou in winter was 0.45. Temperature had the
most significant effect on the O3 concentration in northern
China in spring and autumn; for example, the importance
score in Baotou in spring was 0.6. There was no obvious
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FIGUure 13: Relationship between CO concentration and meteorological factors.

aggregation in winter, but O; concentration was affected by
temperature, wind speed, and relative humidity. In northern
and northeastern China, temperature had a large influence
on the O concentration in summer; for example, the im-
portance score in Hohhot was 0.61.

3.3.3. Analysis of the Impact of Meteorological Factors on
Atmospheric Pollutant Concentrations. In this study, the
partial dependence of the concentrations of pollutants in
different seasons on six meteorological factors was deter-
mined for various cities. The magnitudes of different

meteorological factors corresponding to the maximum
concentrations of various pollutants were calculated, and
this value was taken as the impact threshold of the mete-
orological factors on air pollutant concentrations. A clas-
sification and spatial mapping exercise was conducted, and
the temporal and spatial differences of the influence of
meteorological factors on atmospheric pollutant concen-
trations were further analyzed.

(a) Spatial Pattern of the Impact of Meteorological Factors
on PM, s Concentration. There were significant spatial and
temporal differences in the influence of different meteoro-
logical factors on the PM, 5 concentration (Figure 16). The
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FIGURE 14: Relationship between NO, concentration and meteorological factors.

spatial distribution of the threshold value of the influence of
atmospheric pressure on the PM, 5 concentration differed
significantly between eastern and western China, especially
in spring, autumn, and winter. In summer, air pollution was
more serious in the southeastern coastal areas when the
atmospheric pressure exceeded 900hPa. The impact of
relative humidity differed markedly between northern and
southern China, with the Qinling-Huaihe Line as the
boundary. The threshold value of the influence of relative
humidity on the PM, 5 concentration south of the Qinling-
Huaihe Line was between 40% and 80%; for example, that in

Baoshan was only 41%, but the corresponding value north of
the Yangtze River generally exceeded 80%. In spring, the
threshold value of the influence of relative humidity on the
PM, 5 concentration in Yinchuan was 96%. Precipitation
had a direct spatial impact on the PM, 5 concentration. The
PM, 5 concentration reached a maximum under conditions
with little-to-no precipitation. The spatial influence of wind
speed on the PM, 5 concentration was mainly reflected in the
east-west difference. The southeastern coastal areas were
prone to PM, 5 pollution when the wind speed was relatively
low, whereas the PM, 5 concentration usually reached a
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FI1GURE 15: Relationship between O concentration and meteorological factors.

maximum in northwest inland areas when the wind speed
was usually high. For example, in summer when the wind
speed in Inner Mongolia and its surrounding areas exceeded
2m/s, the PM, s concentration reached a maximum. In
summer, the maximum wind speed in Baotou was 7 m/s.
Thus, these areas were mostly affected by exogenous pol-
lution [53]. In northeastern and northern China, the wind
direction was typically from the southeast to southwest, and
this region had the highest PM, 5 concentrations in the
country. In most other areas, the wind direction at the time

of the maximum PM, s concentration was usually from the
northwest to the northeast.

(b) Spatial Pattern of the Impact of Meteorological Factors
on PM,, Concentration. The spatial patterns of the meteo-
rological factors affecting the PM,, concentration were
similar to those affecting the PM, s concentration (Fig-
ure 17). However, when the PM;, concentration was highest
in spring and summer, the threshold of relative humidity in
northern China was significantly reduced. For example, the
relative humidity of Datong in spring was only 14%.
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FIGURE 16: Spatial pattern of the impact of meteorological factors on PM, 5 concentration.

(c) Spatial Pattern of the Impact of Meteorological Factors
on SO, Concentration. The spatial patterns of the influences
of meteorological factors on the SO, concentration were
similar to those for PM;, (Figure 18). However, in summer,
when the temperature in the south exceeded 20°C, the SO,
concentration reached a maximum, while the maximum
PM;, concentration only occurred when the temperature
exceeded 30°C. In Huainan, temperatures of 20.4°C and 32°C
had the greatest influence on SO, and PM;, concentrations
in summer, respectively. When the SO, concentration was
highest in autumn and winter, the influence threshold of

relative humidity in northern China decreased. For example,
the influence thresholds of the relative humidity of the SO,
and PM, concentrations in autumn in Tianjin were 51.8%
and 97%, respectively. In the inland area of northwestern
China, SO, pollution usually occurred when the wind speed
was low.

(d) Spatial Pattern of the Impact of Meteorological Factors on
CO Concentration. The spatial pattern of CO concentration
was affected by various meteorological factors, but was
similar to that of SO, (Figure 19). However, in southern
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FIGURE 17: Spatial pattern of the impact of meteorological factors on PM;, concentration.

China, when the CO concentration was highest, the
threshold of relative humidity was also high. For example,
the relative humidity in Heyuan in summer was 99%. In
winter, the CO concentration was largest when precipitation
in the southeastern coastal area exceeded 30 mm.

(e) Spatial Pattern of the Impact of Meteorological Factors
on NO, Concentration. The spatial pattern of NO, con-
centration was affected by relative humidity and was similar
to that of PM;,. Although the spatial pattern of NO, con-
centration was affected by other meteorological factors, the
influences of the meteorological factors were similar to those

for CO (Figure 20). However, in autumn, the NO, con-
centration reached a maximum in the southeastern coastal
area under conditions with little-to-no precipitation.

(f) Spatial Pattern of the Impact of Meteorological Factors
on O5 Concentration. The spatial patterns of the influences of
meteorological factors on O3 concentration were similar to
those for NO, (Figure 21). However, in spring and autumn,
the O3 concentration reached a maximum when the tem-
perature exceeded 20°C. In summer, the temperature in-
fluence threshold in eastern China increased significantly;
for example, in summer, in Chengdu, it was 36.5°C. When
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FIGURE 18: Spatial pattern of the impact of meteorological factors on SO, concentration.

the highest O; concentration occurred, the influence
threshold of relative humidity in northern China in autumn
and winter was low; for example, the relative humidity in
Shenyang was 22% in winter. In winter, the O; concen-
tration was highest in northern China, which received very
little precipitation; for example, the precipitation in Tianjin
was just 12.3 mm in winter. The O3 concentration reached a
maximum in the north during periods with high wind
speeds, for example, when the wind speed in Hohhot in
winter reached 9.3 m/s. In winter, the Oz concentration

reached a maximum in Beijing-Tianjin-Hebei when the
wind direction was from the northwest to the northeast.

4. Discussion

This study evaluated daily air quality monitoring data and
meteorological monitoring data from 2005 to 2018 for 221
Chinese cities. The random forest algorithm was applied,
and the key meteorological factors affecting air quality under
different spatiotemporal conditions were identified. The
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FIGURE 19: Spatial pattern of the impact of meteorological factors on CO concentration.

temporal and spatial differences of the threshold values of
different meteorological factors on typical air pollutants
(PM, .5, PM,4, SO,, CO, NO,, and O3) were then identified.

The data consistency characteristics were studied by
comparing the spatiotemporal variation characteristics of
the API and AQI. Temporally, the API and AQI were sig-
nificantly higher in winter than in other seasons, with the
second highest values in spring and the lowest in summer
[46]. Spatially, the API and AQI values of northern cities
were generally higher than those of southern cities [40, 54].
From the perspective of the spatial and temporal trends, the
AQI and API values were basically consistent, indicating a

gradual improvement of air quality in China. The AQI values
were slightly higher than the API values. This is because the
AQI is based on more stringent standards than the API, and
there are some differences in their calculation. In addition,
the AQI has the advantages of facilitating higher index
values than the API, and data have been released at a greater
frequency; this also confirms that the AQI is an appropriate
replacement for the API.

We considered the relationship between AQI values and
pollutant concentrations. Wind direction and precipitation
were important meteorological factors affecting air quality in
most cities in China, with wind direction being the most
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FIGURE 20: Spatial pattern of the impact of meteorological factors on NO, concentration.

important meteorological factor affecting API and AQI
values in northern cities. Precipitation was the most im-
portant meteorological factor affecting API and AQI values
in southern cities, which was consistent with other studies
[29, 55]. To some extent, this reflects the mechanisms of the
release and degradation of air pollutants in northern and
southern China. There were major local spatial differences in
the other meteorological factors in the different seasons.
Temperature had the main influences on the concentrations
of the different pollutants. Temperature is closely related to
pollutant concentrations because it regulates atmospheric

turbulence and chemical reactions [52, 56]. This phenom-
enon has also been observed in the United States [57]. In
addition to temperature, precipitation and relative humidity
significantly affected PM,s and PM;, concentrations in
most cities, indicating the importance of the hygroscopic
growth of aerosol particles in China [52]. In addition, wind
speed and relative humidity had great influences on NO, and
O; concentrations, respectively. In the presence of sunlight
and water vapor, O3 can form the hydroxyl radical, which is
conducive to the consumption of O; [58, 59]. These results
were consistent with those of other studies [60, 61].
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FIGURE 21: Spatial pattern of the impact of meteorological factors on O; concentration.

We also found an interesting phenomenon regarding the
relationship between the concentrations of various pollut-
ants and meteorological factors. The relationship between
PM,, and meteorological factors differed from those of the
other pollutants, although the relationships of the concen-
trations of the other five pollutants and meteorological
factors were similar. This is because the API and AQI cal-
culations use the primary pollutant as the air quality
measure, ignoring the levels of other pollutants. PM;,
accounted for 89.4% of the primary pollutants considered in
the API and AQI, with SO, being the next most abundant
pollutant. Therefore, if only the APT and AQI values are used

to evaluate the relationship between meteorological factors
and air quality, the conclusions obtained will only reflect the
primary pollutant used in the calculation of the indexes.
Such conclusions may also be detrimental to the prediction
of specific pollutant concentrations and the management of
regional pollution prevention and control.

5. Conclusions

This study used daily API, AQI, and meteorological moni-
toring data from 221 cities in China to compare the con-
sistency of the API and AQI values. The random forest
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algorithm was used to identify the key meteorological factors
that affected air quality under different spatiotemporal con-
ditions, and the thresholds of meteorological factors at which
typical air pollutant concentrations were affected and their
spatial differences were determined. The results can be used to
determine the meteorological sensitivity of air quality and
provide quantitative support for the implementation of joint
air pollution prevention and control initiatives.

However, the study was limited by the uneven distri-
bution of monitoring stations. During the process of
comparing air quality monitoring data with meteorological
data, to retain as much air quality monitoring data as
possible for cities without meteorological monitoring data,
we used the nearest meteorological station, which may have
introduced errors. In addition, when the random forest
algorithm was used to analyze the impact of meteorological
factors on atmospheric pollution, the value obtained only
represented the degree of importance, but not its positive or
negative impact. One further point was not considered in
this study. Except for the impact of meteorological condi-
tions, the volume of local pollutant emissions is a direct
factor affecting air quality. In addition to meteorological
conditions, future research should also consider pollutant
emission inventory data. The Weather Research and Fore-
casting mesoscale meteorological model and air quality
model (such as CALPUFF, CAMx, and CMAQ) could then
be used to simulate different weather and air quality con-
ditions by setting varying amounts of pollutant discharge in
each grid. Further studies should introduce other possible
influence parameters and conduct longer time series data
analysis [3, 4, 62-64].
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