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Abstract: Meteorological conditions significantly influence air pollution. The Chengdu plain, with few
external pollution sources and homogeneous meteorological conditions, is a natural lab to study the
effects of meteorological elements on the diffusion and dissipation of pollutants. Large-scale and
long-duration haze events occurred all over China during the Spring Festival in 2014. This study tries
to detect the characteristics and the formation mechanisms of this haze event in the Chengdu area
using air quality and the meteorological monitoring of this event. The results showed that, when
considering the concentration changes of the primary pollutant, this haze event could be divided
into three stages: Stage 1, the concentration of all pollutions increased; Stage 2, the concentration of
gaseous pollutants decreased, while that of particulate matter increased; Stage 3, the concentration of
all pollutants decreased. Adverse atmospheric circulation, unfavorable meteorological conditions
(lower air temperature and wind speed, higher air pressure and relative humidity), a frequently
occurring inversion layer (with a strong intensity and lower bottom), and the low height of the mixing
layer resulted in this haze. This study suggests that not only surface meteorological factors, but also
the boundary layer structure, played an important role in the vertical diffusion of the pollutants.
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1. Introduction

In recent years, regional air pollution has increasingly become the main weather threat to Chinese
cities [1]. Air pollution is characterized by an increase in the oxidizing capacity of the atmosphere,
reduced atmospheric visibility, and the deterioration of air quality throughout the entire region [2].
It significantly influences the climate, living environment, transportation, and human health [3,4].
According to the 2013 environmental bulletin of China, posted by the Ministry of Environmental
Protection in June 2014, the air quality in the majority of cities (74 key monitoring cities) exceeds the
standard value (the proportion is up to 95.9%). However, regional haze occurs frequently; for example,
the haze occurrence frequency (number of days on which haze occurred) is greater than 50% in Beijing
and Shanghai, and greater than 30% in Guangzhou and Shenzhen [5,6]. Furthermore, frequently
occurring haze illustrates the widely spread, long-duration, severe, and rapid accumulation of a high
concentration of pollutants [2].

Haze pollution can essentially be attributed to two aspects: pollutant emissions into the lower
atmosphere and favorable meteorological conditions. In particular, meteorological conditions control
the occurrence of haze pollution [3,7–19]. In China, most studies are focused on the Jingjinji area
(Beijing), the Yangtza river delta (Shanghai), and the Pearl River delta (Guangzhou, Zhujiang).
These researches imply that regional atmospheric circulation, ground weather, horizontal and
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vertical wind field features, and atmospheric stability are closely related to the heavy haze pollution
process [12,13,20]. For example, wind speed can alter the dispersion state of the atmosphere [21,22],
while wind direction provides a pathway for the transport of pollutants [23]. For chemical reactions
and transformations, temperature, solar radiation, and humidity are the most crucial factors [24,25].
However, no clear linear relationships can be found between meteorological parameters (i.e., wind
speed, ultraviolet radiation, or temperature) and the concentration of pollutants [26,27]. Furthermore,
due to topographical differences, the key meteorological parameters that may affect the haze process
are distinct in different regions. Xu et al. (2005) show that long-duration low wind speeds are one
of the most important underlying reasons for the heavy pollution process in Beijing [28]. Rao et al.
(2008) imply that a lower vertical velocity, vorticity, and the divergence of layers below 850 hPa are
the basic characteristics of the haze that occurred in central and eastern China [29]. Huang et al.
(2005) show that, in Urumchi, a stable high pressure pattern with mild wind often results in heavy
air pollution in the winter [30]. In addition to conventional meteorological elements, the atmospheric
boundary layer is also an important meteorological factor that can strongly affect the occurrence,
maintenance, and vertical dissipation of heavy pollution [31]. Although many studies have provided
detailed descriptions of conventional meteorological conditions (i.e., wind speed, ultraviolet radiation,
humidity, pressure, and temperature) during heavy pollution periods, variations in the atmospheric
boundary layer (mixing layer height, temperature inversion layer) are not well understood [31].

Chengdu, the most important commercial and industrial center in Southwest China, is located in
the western part of the Sichuan Basin. The city has experienced low visibility in past decades [32,33]
and faced serious air pollution issues due to the terrain of its basin and stagnant meteorology [34]. It is
generally recognized that Chengdu is nearly free of Asian dust incursions due to its inland location,
the complex surrounding topography, and humid weather, meaning that the surrounding mountains
can help prevent external pollutants from entering the basin. Therefore, the Chengdu plain is a natural
lab to study the effects of meteorological elements on the development, diffusion, and dissipation
of pollutants.

In conclusion, studies on urban air pollution have been implemented in many different national
or regional areas. However, the cause and mechanism of air pollution is different due to different
geographical locations, distributions of pollution sources, and meteorological conditions. Additionally,
most studies have focused on conventional meteorological parameters such as air temperature,
pressure, wind speed, and relative humidity, and the boundary layer structure usually receives little
attention. In this study, we considered haze events that occurred during the Spring Festival in 2014 in
the Chengdu area as an example to determine how meteorological conditions affect the haze process.
First, we determine how various pollutants change during this haze process; second, we discuss
how conventional meteorological elements and the weather situation affect the concentration change
of the pollutants; finally, we discuss the effect of the boundary layer structure on the distribution,
transformation, and dilution of air pollutants, including the mixing layer height and the temperature
inversion layer. These research results can provide a scientific basis for the future prevention and
control of heavy air pollution processes.

2. Materials and Methods

2.1. Data Source

(1) Air pollution monitoring data of Chengdu from the 20th of January to the 7th of February 2014,
including the air quality index (AQI) and the hourly mass concentration data of SO2 (µg m−3), NO2

(µg m−3), CO (mg m−3), O3 (µg m−3), PM10 (µg m−3), and PM2.5 (µg m−3), were collected. All of the
pollutant monitoring data were from the environmental monitoring station of the Sichuan province.
The air pollution monitoring data were from a single station (Jinquanlianghe). There are eight air
quality monitoring stations in Chengdu city. The Jinquanlianghe air quality monitoring station is the
nearest to the Wenjiang meteorological stations, and the distance from the meteorological stations to
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the seven other air quality monitoring stations is greater than 20 km. The AQI is a number used by
government agencies to communicate the current or forecasted future states of air pollution to the
public. Different countries have their own quality indexes, corresponding to different national air
quality standards. In this study, ambient air quality standards (GB3095-2012) and ambient air quality
index (AQI) technical regulations (trial) (HJ 633-2012) implemented in 2016 by China’s Ministry of
Environmental Protection were used. The AQI level is based on the level of six atmospheric pollutants,
namely sulfur dioxide (SO2), nitrogen dioxide (NO2), suspended particulates smaller than 10 µm in
aerodynamic diameter (PM10), suspended particulates smaller than 2.5 µm in aerodynamic diameter
(PM2.5), carbon monoxide (CO), and ozone (O3) measured at the monitoring stations throughout
each city. An individual score (IAQI) is assigned to the level of each pollutant and the final AQI is
the highest of those six scores. The pollutants can be measured quite differently. PM2.5 and PM10

concentrations are measured as the average per 24 h. SO2, NO2, O3, and CO are measured as an hourly
average. The final AQI value is calculated per hour, according to a formula published by the China’s
Ministry of Environmental Protection. The AQI is classified into six levels. The higher the index is,
the more serious the air pollution and the more obvious the impact on human health (Table A1).

(2) The original Chengdu meteorological station (56294) is located to the west of Chengdu
city and was responsible for the meteorological operations of Chengdu city before 2004. With the
increase in urbanization, the location of the meteorological station no longer met the requirements
for meteorological observation, so the meteorological station was moved westward, to Wenjiang.
The Wenjiang meteorological station replaced the Chengdu meteorological station and has
been responsible for the meteorological observations of Chengdu city since 2004. Wenjiang
(103◦41′–103◦55′ E, 30◦36′–30◦52′ N) is a municipal district of Chengdu and is located west of Chengdu
city. Real-time meteorological data from the Wenjiang meteorological station (56187) were used in this
study, and the meteorological elements considered included the hourly air pressure (hPa), wind speed
(m s−1), relative humidity (%), and air temperature (◦C), etc. Additionally, the daily sunshine duration
(hours), daily range of temperature (◦C), and air pressure (hPa) were also calculated and analyzed for
this event. The range of temperature, also called the temperature amplitude, is the difference between
the highest and lowest air temperatures in a day. Similarly, the range of air pressure is the difference
between the highest and lowest air pressure in a day.

(3) High (500 hPa) and low air circulation (850 hPa) observation data were obtained from MICAPS
(Meteorological Information Comprehensive Analysis and Process System). A ground penetrating
radar survey combined with a radiosonde is adopted to achieve meteorological sounding at the
metrological observation station. The Wenjiang meteorological station is the only radiosonde station in
the Chengdu plain. Radiosonde levitation depends on the traction of sounding balloons. The sensor in
the radiosonde can detect and record the surrounding pressure, temperature, and humidity when the
sounding balloon lifts off the ground and climbs up to 4000 m above the ground. There are two daily
fixed times for taking observations (08 and 20 local standard time). The inversion layer can be easily
detected from the curves of the changes of the temperature with height, as an inversion layer will exist
at the point where the temperature increases with height. All of the radiosonde sounding data of the
Wenjiang station came from MICAPS.

2.2. Methods

The daily AQI and hourly mass concentration for each pollutant were used in this study. The air
pollution during this event was determined by detecting the variation of the daily AQI. The air
pollution stage was divided into several phases by the change in hourly mass concentration of the
primary pollutant, which was the pollutant whose AQI was the maximum value when the AQI is larger
than 50. In other words, an air pollution stage in this study is a state of the ambient air environment
in which, during persistent meteorological conditions, the concentrations of the air contaminants are
elevated to or in excess of certain defined levels [2]. In this study, the stages were separated when the
daily mass concentration of the primary pollutant exceeded the Grade II National Ambient Air Quality
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Standard for two successive days. To determine the concentration variation characteristics of various
pollutants in this haze event, the hourly concentration monitoring data of various pollutants was used,
and the mass concentration changes of major pollutants (PM2.5, PM10, SO2, and NO2) over time were
analyzed. Additionally, the ratio between the hourly mass concentration of major pollutants, such as
PM10/PM2.5, PM2.5/NO2, PM2.5/SO2, PM10/NO2, and PM10/SO2, were calculated, and their changes
with time were analyzed to determine if there was a transformation between the pollutants during
this event.

To detect the variation in weather during this haze event, the trough and ridge system, as well as
the high and low pressure synoptic situations for 850 hPa and 500 hPa, were analyzed by considering
each air pollution stage.

To explore the effect of meteorological elements (air pressure, wind speed, relative humidity,
air temperature, daily sunshine duration, and range of temperature and air pressure) on the
concentration of each pollutant, the correlations between each meteorological element and the mass
concentration of each pollutant were analyzed using a correlation analysis based on hourly data.

The atmospheric boundary layer, such as the temperature inversion layer (twice in a day: 08 and
20 local standard time), and the height of the mixing layer (08, 11, 14, 17, and 20 local standard time),
were analyzed during this haze event. However, there was still some missing data. All boundary layer
measurements were collected from the Wenjiang station, which was the only radiosonde station in the
Chengdu plain. The number of temperature inversion layers, the height of the bottom and top of the
first temperature inversion layer and its intensity (◦C per 100 m), and the height of the mixing layer,
were analyzed for different air pollution stages. This was done to understand whether the boundary
layer structure would affect the development and transformation of the pollutants. The height of the
mixing layer was calculated using the method suggested by Nozaki in 1973 [35].

L =
121

6
(6− P)(T − Td) +

0.169P(UZ + 0.257)
12 f ln(Z/Z0)

(1)

L in the above formula was the mixing layer height (m), T−Td was the dew point deficit (◦C),
and P was the level of atmospheric stability (when the level of atmospheric stability was from A to F,
and the value ranged from one to six). We used the revised Pasquill—Turner method to divide the
level of atmospheric stability. Uz was the average wind velocity at 10 m above the ground (m s−1).
Z was the height above the ground and its value was 10. Meteorological observation data, such as
T, Td, and Uz, were obtained directly from the Wenjiang station. Z0 was the terrain roughness and
its value ranged from one to five for the city. The Wenjiang station was located in a more rural area
than the downtown urban area, and its terrain roughness was lower, so the value of Z0 was one in this
study. f was the geostrophic parameter and it was calculated by the following formula:

f = 2Ωsin Φ (2)

Φ was the geographic latitude and Ω was the angular velocity of the earth (the value is
7.292 × 10−5 rad/s).

3. Results and Discussion

3.1. Concentrations of Air Pollutants

Table 1 shows that the ambient air quality from the 20th of January to the 7th of February was
severe. This air pollution event lasted for 18 days, and there were 15 days on which the AQI exceeded
100, which was harmful to human health. Additionally, the percentage of days for light, moderate,
heavy, and severe pollution was 5.6%, 11.1%, 38.9%, and 33.3%, respectively, meaning that more than
80% of the days were at least heavily polluted. Furthermore, PM2.5 was the primary pollutant for
most of the days (88.9%) during this event, so the stages were divided according to the daily mass
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concentration of PM2.5 in this study. When the daily mass concentration of PM2.5 exceeded the Grade II
National Ambient Air Quality Standard (75 µg m−3 per 24 h) for two successive days, the days could
be divided into one stage. In this study, the daily mass concentration of PM2.5 on the 20th of January
and the 6th and 7th of February was below 75 µg m−3, and these days could be considered as a no-haze
pollution stage. The days from the 21st of January to the 5th of February could be considered as a haze
pollution event (Table 1).

Table 1. Daily AQI and daily mass concentrations for PM2.5 (µg m−3), PM10 (µg m−3), SO2 (µg m−3),
NO2 (µg m−3), CO (mg m−3), and O3 (averaged mass concentration for maximum 8 h, µg m−3) from
the 20th of January to 7th of February according to the ground-based observation site.

Date SO2 NO2 PM10 CO O3 PM2.5 AQI Air Pollution Level Primary Pollutant

1/20 19 74 111 1.2 63 62 93 Good NO2
1/21 39 93 198 1.4 86 125 165 Moderate pollution PM2.5
1/22 41 129 302 2.0 69 206 256 Heavy pollution PM2.5
1/23 63 132 356 2.4 66 254 304 Severe pollution PM2.5
1/24 49 124 325 2.1 65 236 286 Heavy pollution PM2.5
1/25 44 120 307 2.2 40 217 267 Heavy pollution PM2.5
1/26 38 104 306 2.0 83 233 283 Heavy pollution PM2.5
1/27 26 77 387 2.1 24 313 363 Severe pollution PM2.5
1/28 24 76 399 2.3 60 330 380 Severe pollution PM2.5
1/29 17 57 356 1.9 53 297 347 Severe pollution PM2.5
1/30 13 57 384 1.9 34 310 360 Severe pollution PM2.5
1/31 20 47 570 2.0 36 427 470 Severe pollution PM10
2/1 15 54 217 1.8 69 166 216 Heavy pollution PM2.5
2/2 17 43 179 1.5 75 146 195 Moderate pollution PM2.5
2/3 17 49 186 1.5 65 153 203 Heavy pollution PM2.5
2/4 21 39 205 1.6 54 168 218 Heavy pollution PM2.5
2/5 16 26 98 1.6 43 78 105 Light pollution PM2.5
2/6 11 25 43 1.2 34 28 43 Excellent -
2/7 18 34 64 1.1 50 45 63 Good PM2.5

-: No primary pollutant.

Figure 1 shows that from the 20th to the 22nd of January (within 30 h), the hourly mass
concentration of PM10 increased from 80 to 449 µg m−3, with a high rate of increase of 12 µg m−3

per hour. The hourly mass concentration of PM2.5 increased from 43 to 325 µg m−3, with a high rate
of increase of 9.4 µg m−3 per hour. At the same time, the hourly mass concentrations of SO2 and
NO2 increased rapidly, up to 62 µg m−3 and 160 µg m−3, with a rate of increase of 1.5 µg m−3 and
4 µg m−3 per hour, respectively. The hourly mass concentration of PM2.5 ranged from 126 to 606 µg
m−3 from the 23rd of January to the 1st of February, and the average hourly mass concentration was
289.5 µg m−3. A similar distribution pattern was found for PM10; its concentration ranged from 180
to 502 µg m−3, and the average hourly mass concentration was 341.0 µg m−3. The average hourly
mass concentration of SO2 and NO2 was 52.9 and 122.9 µg m−3 from the 24th to the 26th of January,
respectively, and their concentration then decreased from the 26th of January to the 1st of February,
with an average hourly mass concentration of 24.5 and 60.5 µg m−3, respectively (Figure 1). A similar
distribution pattern was found for CO and O3 (Figure 1). Figure 2 shows that some pollutants might
transform into other pollutants during this event. From the 21st to the 26th of January, the average
ratio between the hourly mass concentration of PM10 and PM2.5 was 1.43, and the ratio dropped to
1.24 from the 27th of January to the 5th of February. When considering the ratio between the hourly
mass concentration of particulate matter (PM10 and PM2.5) and gaseous pollutants (SO2 and NO2), the
ratio (PM2.5/NO2, PM2.5/SO2, PM10/NO2, and PM10/SO2) increased from the 26th of January to the
1st of February, and the ratio dropped slightly from the 2nd to the 5th of February (Figure 2). Both
Figures 1 and 2 suggest that the higher concentrations of particulate matter and the sudden drop of
gaseous pollutants (SO2 and NO2) from the 26th of January to the 1st of February, might have resulted
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from a rapid transformation of the gaseous pollutants to particulate matter. Similar results were
found by Wang et al. (2014), mainly caused by the fast secondary transformation of primary gaseous
pollutants, such as SO2 and NO2, into secondary inorganic ions (sulphate and nitrate) [2]. When the
relative humidity (RH) is below 35%, the majority of SO2 and NO2 remains unoxidized; when the RH
is above 50%, most of the SO2 is oxidized into sulphate, and most of the NO2 has been oxidized into
nitrate [2]. Figure 1 indicates that the increasing PM2.5/SO2 ratio was accompanied by a decrease in
the PM2.5/NO2 ratio. It is possible that this can be explained by the new mechanism recently proposed
for SO2 oxidation by NO2. The new mechanism suggests that aerosol water serves as a reactor, where
the alkaline aerosol components trap SO2, which is oxidized by NO2 to form sulfate [36]. Wang et al.
(2016) also show that the aqueous oxidation of SO2 by NO2 is key to efficient sulfate formation, but
is only feasible under two atmospheric conditions: on fine aerosols with a high relative humidity
and NH3 neutralization, or under cloudy conditions [37]. In this study, we also found an increasing
relative humidity on the 27th of January. Figure 1 also implies that the diurnal variation of the ozone
concentration was obvious. It is known that O3 is the secondary pollutant produced by the chemical
reaction. It has a higher concentration when the solar radiation is strongest and the temperature is the
highest (usually at 2–3 pm). Similarly, there were spikes in the ozone concentration after 2 pm in this
study (Figure 1). Our unpublished research on the effect of solar radiation on the ozone concentration
implies that there is a positive correlation between the ozone concentration and solar radiation. In this
study, SO2 spikes were accompanied by NO2 and CO spikes; additionally, a high ozone concentration
was observed, even though the particulate matter concentration was very high in haze pollution
Stages 1 and 2 (Figure 1). This phenomenon may relate to the structure of the atmospheric boundary
layer. When the atmosphere is neutral or stable, the diffusion is poor and is accompanied by a lower
atmospheric mixed layer, impeding the spread of pollutants and increasing the concentration.

Therefore, when considering the concentration changes of the primary pollutant and the pollutant
transformation process, this haze event during the spring festival in 2014 in Chengdu can be divided
into three haze pollution stages. Haze pollution Stage 1 began on the 21st of January and ended on the
26th of January, representing the development process of the haze. Both the particulate matter and
gaseous pollutants increased during Stage 1, and the average hourly mass concentrations of SO2, NO2,
PM10, PM2.5, CO, and O3 were 51.6 µg m−3, 121.4 µg m−3, 275.9 µg m−3, 195.8 µg m−3, 2.2 mg m−3,
and 22.6 µg m−3, respectively. Haze pollution Stage 2 was from the 27th of January to the 1st of
February, and this stage was the evolution process of the haze. The particulate matters increased
and gaseous pollutants decreased during this stage, and the average hourly mass concentrations of
SO2, NO2, PM10, PM2.5, CO, and O3 were 24.5 µg m−3, 60.5 µg m−3, 359.0 µg m−3, 315.6 µg m−3,
2.0 mg m−3, and 17.0 µg m−3, respectively. Haze pollution Stage 3 was from the 2nd to the 5th of
February, and this stage was the dissipation process of the haze, and both the particulate matter and
gaseous pollutants decreased during this stage; the average hourly mass concentrations of SO2, NO2,
PM10, PM2.5, CO, and O3 were 15.6 µg m−3, 26.6 µg m−3, 178.6 µg m−3, 143.3 µg m−3, 1.5 mg m−3,
and 10.9 µg m−3, respectively.
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3.2. Synoptic Circulation, Meteorological Conditions and Boundary Layer Structure during the Haze Event

3.2.1. Synoptic Circulation

The Chengdu area was mainly under the control of Siberian high pressure from the 20th of January
to the 7th of February, and the wind field was in a convergence condition during the majority of this
time. During this event, a westerly flow prevailed, and zonal circulation dominated at a high altitude
(500 hPa). The pressure field was stable and resulted in a lower pressure gradient and wind speed.
Specifically, the circulation form was stable and less changed from the 22nd to the 26th of January, and
a small trough transited this area. The circulation form was also stable from the 26th of January to the
4th of February, and a ridge transited the area at 20 LST (Local Standard Time) on the 4th of February
(Figure 3). In the Chengdu area, a westerly zonal circulation was significant above 500 hPa at high
altitude, and the 850 hPa isobar was sparse, which resulted in a small pressure gradient force, possibly
having led to a lower wind speed (<2 m s−1, Figure 4). On the ground, this was often controlled by a
high pressure and lower wind speed, which might have induced a poor diffusion condition (Figure 3).
Thus, the pollutants could not have easily diffused in the horizontal and vertical directions; therefore,
the poor circulation resulted in the accumulation of pollutants. The same results were found in other
studies. Wang et al. (2011) suggest that the variation of PM2.5 was mainly controlled by the large scale
synoptic system [12]. The concentration changes of pollutants in a regional air pollution process are
subject to the impacts of atmospheric conditions, as the removal, accumulation, and convergence of air
pollutants are closely related to the changes in weather patterns [20].
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3.2.2. Meteorological Conditions at the Surface

All of the meteorological elements considered in this study presented an obvious daily variation
pattern (Figure 4). During haze pollution Stages 1 and 2 (development and evolution process), the
wind speed was low (<2 m s−1), and it was usually (73%) below 1 m s−1. At the end of haze pollution
Stage 3 (dissipation process), the wind speed increased to 4–6 m s−1 (Figure 4). During haze pollution
Stage 1, the amplitudes of air temperature (ranged from 1 to 17 ◦C), relative humidity (ranged from
20% to 88%), and air pressure (ranged from 1009 to 1030 hPa) were high. During haze pollution Stage 2,
the highest average air temperature was 13.9 ◦C, the temperature amplitude decreased compared to
Stage 1, and the air temperature ranged from 8 to 16 ◦C. At the same time, the average highest relative
humidity was 90%, and the relative humidity ranged from 60% to 93% (Figure 4). The average highest
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air pressure was 1022 hPa, and the air pressure ranged from 1016 to 1022 hPa. During haze pollution
Stage 3, the average highest air temperature was 16 ◦C, and the air temperature ranged from 10 to
18 ◦C. At the same time, the average highest relative humidity was 85%, and the relative humidity
ranged from 48% to 87% (Figure 4). For air pressure, the average highest air pressure was 1016 hPa, and
the pressure ranged from 1001 to 1017 hPa. From the comparison of the metrological elements among
the three stages, the amplitude of air temperature and relative humidity were low in the accumulation
period of the pollutants. Simultaneously, the air temperature and wind speed were lower, and the
relative humidity and air pressure were comparatively higher than for the pollutants dissipation
process. Correlation analysis showed that the mass concentration of pollutants (PM10, SO2, NO2, CO)
and temperature were inversely correlated and that the mass concentration of O3 and temperature were
positively correlated (Table 2). There was a positive correlation between the mass concentration of the
majority of pollutants (PM10, SO2, NO2, CO, O3) and pressure, and an inverse correlation was found
between the concentration of all pollutants and wind speed. The mass concentration of PM2.5, PM10,
and CO increased significantly with the increase in relative humidity (Table 2). The mass concentration
of SO2 and NO2 decreased significantly with the decrease in the range of air temperature and relative
humidity (Table 2). Figure 4 and Table 2 illustrate that the increased relative humidity or sustained high
relative humidity and weak wind were the primary meteorological causes for the accumulation and
preservation of haze pollution over the Chengdu area. In this study, we found that the concentration
of SO2 and NO2 significantly decreased with the decrease in the range of air temperature and relative
humidity, which meant smaller changes of air temperature and relative humidity. A higher relative
humidity helped trigger the transformation of SO2 and NO2 to particulate matter and the hygroscopic
growth of particulate matter in Stage 2; simultaneously, the lower air temperature resulted in less
air mass motions, which might have impeded the dissipation of the particulate matter. There was a
positive correlation between the concentration of SO2 and NO2 and the daily duration of sunshine.
Many studies also suggest that increased air pollutant concentrations in the urban environment do
not typically result from sudden increases in emission, but rather from meteorological conditions
that impede dispersion in the atmosphere or result in increased pollutant generation [7,38–40]. Shen
and Li (2016) showed that the coefficients between API and an atmospheric pressure anomaly, and
precipitation and wind speed, are always negative at the studied time scales [10]. Wang et al. (2011)
found that the concentration of PM2.5 and wind showed a certain negative relationship. For example,
the concentration of PM2.5 was 100 µg m−3 with mild wind, and its concentration would decrease
when the wind speed was greater than 2.0 m s−1 [12]. Wang et al. (2011) also found that low winds
and a high humidity were not favorable to PM2.5 dispersion, and the mixing height and temperature
curve had a more important impact upon pollution [12].

Table 2. The relationship between the mass concentration of air pollutants and the meteorological
variables (Pressure = P, Temperature = T, Relative humidity = RH, Wind speed = WS, daily
sunshine duration = SD, Range of temperature = Tr, Range of pressure = Pr, and Range of relative
humidity = RHr).

Pollutant T P RH WS SD Tr Pr RHr

PM2.5 0.005 −0.008 0.41 ** −0.47 ** 0.13 0.17 0.03 0.16
PM10 −0.04 0.13 ** 0.37 ** −0.51 ** 0.10 0.32 0.01 0.32
SO2 −0.11 * 0.11 * −0.06 −0.27 ** 0.65 ** 0.78 ** 0.25 0.63 **
NO2 −0.14 ** 0.32 ** −0.09 −0.42 ** 0.68 ** 0.84 ** 0.19 0.74 **
CO −0.22 ** 0.10 * 0.36 ** −0.38 ** −0.16 0.05 0.01 0.01
O3 0.53 ** 0.04 −0.73 ** 0.11 * −0.16 0.02 0.03 0.06

* p < 0.05; ** p < 0.01.
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3.2.3. Atmospheric Boundary Layer

The height of the mixing layer during haze pollution Stages 1 and 2 was lower than that in Stage 3
for most time levels. The lower atmospheric mixed layer limited the vertical diffusion of the pollutants,
and all pollutants showed higher concentrations in haze pollution Stages 1 and 2 (Figure 1). At 08 and
20 LST, the height of the mixing layer ranged from 200 to 600 m in Stages 1 and 2, increasing to a range
of 600 to 1200 m, and then to 1200 m at the end of Stage 3 (Figure 5). The height of the mixing layer
was higher at 14 LST, and it ranged from 1000 to 1500 m at Stages 2 and 3. The diurnal variation of
the height of the mixing layer was obvious: the mixing layer height was low in the morning (08 LST)
and evening (20 LST), and then increased, spiking at 14 LST, before decreasing. The diurnal variation
of the height of the mixing layer led to similar unimodal changes for most of the pollutants, such as
PM2.5, PM10, SO2, and NO2 (Figure 1).

In most cases, temperature inversion layers formed throughout the haze event, usually at 500 m
to 4 km above the ground from the 24th of January to the 7th of February. Additionally, there were
two or more inversion layers most of the time (Figures 5 and 6). For example, two inversion layers
formed at 20 LST on the 24th of January, and three to five inversion layers formed from the 25th of
January to the 1st of February (haze pollution Stage 1 and 2). During haze pollution Stages 1 and 2
(corresponding to when the mass concentration of particulate matters was higher), the height of
the bottom of the first temperature inversion layer ranged from 600 to 700 m above the ground
(Figures 1 and 7). Simultaneously, the intensity of the formed temperature inversion layer was stable
and strong, ranging from 3 to 6 ◦C per 100 m (Figure 6). Specifically, during the period from the 27th to
the 31st of January, the inversion layer was thick (with thickness of 0.7 to 2 km), and the temperature
difference between the bottom and the top of the inversion layer was high (with the difference ranging
from 4 to 10 ◦C). On the 26th of January, there were four continuous inversion layers in the boundary
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layer, and the thickness of each layer was less than 0.2 km, with the reverse temperature difference
being less than 4 ◦C (Figure 7a). On the 31st of January, the thickness of the inversion layer was
more than 0.8 km, and the reverse temperature difference was more than 6 ◦C, and at 20 that day,
the reverse temperature increased up to 10 ◦C (Figure 7b). Both the particulate matter and gaseous
pollutants decreased during haze pollution Stage 3 (from 2nd to 5th February), and there were two to
four inversion layers formed at 2 to 4 km above the ground. The intensity of the formed inversion
layer decreased compared to that in haze pollution Stages 1 and 2, ranging from 1 to 3 ◦C per 100 m
(Figure 6). For example, the reverse temperature was 8 ◦C at 08, and the thickness of the inversion
layer was 2 km at 20 on the 4th of February (Figure 7c). In general, there were one or more temperature
inversion layers during the haze event in this area. Additionally, the inversion layer formed with a
high frequency and strong intensity. Both the inversion layer that developed and the lower height
of the mixing layer would have inhibited the vertical diffusion of the pollutants, resulting in their
accumulation. Conversely, when there is no inversion layer or it formed higher above the ground,
or its intensity is weak and the height of the mixing layer is higher, the pollutants could dissipate in a
large space, and their concentration could decrease.
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4. Conclusions

When considering the concentration changes of the primary pollutants and the pollutant
transformation process, this haze event can be divided into three stages: Stage 1, the concentration
of all pollutants increased; Stage 2, the concentration of gaseous pollutants decreased, while that
of particulate matter increased; Stage 3, the concentration of all pollutants decreased. Atmospheric
circulation that is not conductive to pollutant dispersion, unfavorable meteorological conditions,
frequently formed inversion layers, and a low height of the mixing layer resulted in this haze.

1. The haze was controlled by high pressure or a weak pressure field near the ground, and the
wind speed was low, which might have induced poor diffusion conditions, such that the pollutants
could not easily diffuse in either the horizontal or vertical direction. The poor weather conditions
resulted in the accumulation of high concentrations of pollutants.

2. The boundary layer structure played an important role on the vertical diffusion of the pollutants.
There were one or more temperature inversion layers during the haze event in this area. The inversion
layer formed with a high frequency and strong intensity, and the height of the mixing layer was low.
All of these adverse boundary structures would inhibit the vertical direction diffusion of the pollutants,
which might have resulted in the accumulation of the pollutants.

3. There was a positive correlation between the concentration of NO2, CO, PM10, and air pressure,
meaning that the higher the pressure, the lower the increase in the convection rate of the air, which
was not conducive to the diffusion of the pollutants. There was a negative correlation between the
concentration of NO2, CO, SO2, and air temperature. The sunlight was weak and the duration of
sunshine was short in the winter. Thus, the temperature was low, and the temperature inversion layer
was stable, which might have inhibited the vertical diffusion of the pollutants. There was a negative
correlation between the concentration of the pollutants and wind speed. Generally, the higher the wind
speed, the greater the distance the pollutants will be transported, and the chance of air pollution is low.
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When the wind speed is lower, the opposite occurs, and the pollutants will accumulate. There was
a positive correlation between the concentration of the pollutants and relative humidity. The mass
concentration of SO2 and NO2 decreased significantly with the decrease in the range of air temperature
and relative humidity.
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Appendix A

Table A1. AQI category and health implications according to ambient air quality index (AQI) technical
regulations (trial) (HJ 633-2012).

AQI Air Pollution Level Health Implications

0–50 Excellent No health implications.

51–100 Good Few hypersensitive individuals should reduce outdoor exercise.

101–150 Lightly Polluted Slight irritations may occur, individuals with breathing or heart problems
should reduce outdoor exercise.

151–200 Moderately Polluted Slight irritations may occur, individuals with breathing or heart problems
should reduce outdoor exercise.

201–300 Heavily Polluted
Healthy people will be noticeably affected. People with breathing or
heart problems will experience reduced endurance in activities.
These individuals and elders should remain indoors and restrict activities.

300+ Severely Polluted

Healthy people will experience reduced endurance in activities.
There may be strong irritations and symptoms and may trigger other
illnesses. Elders and the sick should remain indoors and avoid exercise.
Healthy individuals should avoid outdoor activities.
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