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Abstract: Through the observation of ground-based LIDAR and satellite sensors, the weather
conditions of continuous foggy-hazy alternations in the Huainan region from 26 December 2016 to
5 January 2017 were analyzed and observed. In this study, the formation and influence of this event
were discussed by analyzing pollutant concentrations, meteorological factors and aerosol optical
characteristics. The concentrations of PM10 and PM2.5 increased significantly. The maximum value
of PM10 was 412 µg/m3, and the maximum value of PM2.5 was 258 µg/m3. The transportation of
pollutants and the production of man-made pollutants promote the accumulation of pollutants.
In this weather process, meteorological factors such as the surface wind speed, humidity, surface
temperature, and inversion also promote the accumulation of pollutants, which is the main reason
for the formation of this weather process. Furthermore, the near surface air mass mainly came from
the cities near the Huainan region and the heavily polluted areas in the north, while the upper
air mass came from Inner Mongolia. In this paper, piecewise inversion was adopted to achieve
accurate all-weather extinction coefficient profile inversion by reasonably selecting a cloud LIDAR
ratio through a backscatter ratio, and the LIDAR ratio of cloud in this period was 22.57–34.14 Sr. By
means of extinction coefficient inversion and correlation analysis, the correlation index of PM2.5 and
the aerosol optical depth (AOD) was 0.7368, indicating that there was a positive correlation between
PM2.5 and AOD, and AOD can also reflect the pollution condition of this region. The formation
process of foggy-hazy weather in the Huainan region studied in this paper can provide a research
basis for foggy-hazy pollution in this region.

Keywords: foggy-hazy weather; Huainan; ground-based LIDAR; satellite; piecewise inversion

1. Introduction

Aerosols are solid particles or suspended liquids in the atmosphere that are the result of natural
activities [1,2], burning fuels [3,4], and human activities [5,6]. In recent years, atmospheric aerosols
have had a major impact on human health [7], ecosystems [8] and geochemical cycles [9]. Aerosols,
as a critical factor in the atmospheric hydrological cycle and radiation budget [10], have important
practical implications for research [11]. In the definition of meteorology, fog and haze are two different
weather phenomena [12]. Haze is composed of a large number of dry dust particles that are invisible to
the naked eye. When the horizontal visibility is less than 10 km, the visual dysfunction caused by the
aerosol system composed of such non-aqueous products is called haze [13]. When the relative humidity
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in the air increases, the water vapor increases. Some of the hygroscopic particles in the dry aerosol
particles will absorb water vapor, eventually producing more cloud droplets. Normally, visibility
between 1–10 km is defined as light fog and visibility less than 1 km is defined as fog [14]. When the
visibility is less than 10 km, the visibility may be affected by dry aerosol particles, namely haze, or
cloud droplets, namely fog [15]. In addition, the two meteorological phenomena can be alternately
generated throughout the day, and the visibility of less than 10 km is called “foggy-hazy” weather [16].
With the intensification of human activities’ interference in the atmospheric environment, it has been
found that the anthropogenic emissions of aerosols have significantly increased in recent decades,
verifying the relationship between visibility and aerosols [17]. This means that whether it is fog or haze,
there are a lot of people involved in the formation, so this is not simply a weather phenomenon [18].
Tao et al. [19] found that dust transport and a high humidity are the main reasons for serious pollution.
The authors analyzed the pollution and the formation process of haze clouds in northern monastic
cities, and found that haze clouds did not directly contribute to urban pollution [20]. Lin et al. [21] used
satellite observations to analyze the relationship between the aerosol optical depth, rainfall, and cloud
characteristics during the Amazon biomass burning season. In another study, Huang et al. [22] found
that there were abnormal phenomena, such as a large drop in surface temperature and precipitation
changes, during the biomass burning season in Jiangsu, China. Liu et al. [23] discussed the key factors
of regional haze formation in Beijing. In addition, most studies on haze weather have been conducted
in China’s Beijing–Tianjin–Hebei region [24], northern regions [25] and central China [26]. However, at
present, there are few studies on the formation process of foggy-hazy weather in the Huainan area of
Anhui province. Although Huainan is less polluted than the Beijing-Tianjin-Hebei region, Huainan is
located in the Yangtze river delta region, which exhibits rapid economic development and more stable
weather, resulting in moderate and heavy pollution in autumn and winter [27]. The polluted air has
a great impact on human health, so the environmental condition in the Huainan area has been paid
more and more attention.

In this paper, we used ground-based measurements of meteorological parameters and aerosol
optical properties to document this pollution event. To improve the accuracy of the extinction coefficient
and AOD from LIDAR measurements, we take into account the presence of clouds during the extinction
retrieval process.

Due to the complex pollution characteristics of the atmospheric environment, the rules and
principles of the process of fog and haze alternations are relatively complex. Therefore, this paper
combined ground-based LIDAR and satellite observation to observe and analyze the process of
foggy-hazy weather in the Huainan region from 26 December 2016 to 5 January 2017. The formation
process of haze pollution was analyzed by using the pollutant concentration and meteorological factors.
On the other hand, space-borne LIDAR and ground-based LIDAR were used to analyze the spatial
changes, optical properties, and vertical structures of aerosols during this event.

2. Experiments and Methods

Huainan (116◦21′21”–117◦11′59” E, 32◦32′45”–33◦0′24” N) is a coal-producing city in Anhui
province. Huainan is located in eastern China, near Jiangsu, Shanghai, and Zhejiang (Figure 1), and is
a rapidly developing economic zone.
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and acquisition unit, and control unit. The system used an all-solid-state Nd:YAG laser, which uses 
semiconductor pumping technology and is compact and simple in terms of its structure. The laser 
emitted a pulse of 532 nm vertically, and the laser pulse interacted with the molecule and the aerosol 
in the transmission path, wherein the backscatter signal was accepted by the receiving telescope. The 
receiving telescope was a Cassegrain telescope, and the backscatter single passed through the 
aperture, the optical fiber, and the optical filter, and was received by the photomultiplier tube. The 
output electric signal was received by the amplifier, and was finally collected by the high-speed 
acquisition card. The vertical resolution of this LIDAR was 15 m, and the temporal resolution was 5 
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Single pulse energy/mJ 30 
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Transmittance of transmitting optical element 0.8 

Transmittance of receiving optical element 0.3 

PM2.5, PM10, SO2, NO2, CO, and O3 monitoring data: The inspection period was from 26 
December, 2016 to 5 January, 2017. The real-time variation data of the mass concentration of PM2.5, 
PM10, SO2, NO2, CO, and O3 are provided by the Shouxian National Climatological Observatory at 
32°33' N, 116°47' E. Meteorological element data: The monitoring data on the ground were sourced 
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The collected meteorological elements include the temperature, relative humidity, wind speed and 
direction, and daily cumulative precipitation. 
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Due to the rapid development of eastern China and the increase of anthropogenic emissions,
Huainan area’s environment has been greatly affected. Huainan is located in the region of a weak
pressure gradient. In autumn and winter, there are many static and stable weather conditions, which
tend to cause pollutants to gather, and the ground conditions are conducive to the formation of
pollution weather.

2.1. Ground-Based, Satellite Data and Model Product

The Mie-LIDAR system used in this paper was designed and built in-house at the Key Laboratory
of Atmosphere Optics, Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences.
Table 1 shows the parameters of the ground-based LIDAR. This LIDAR system consisted of four parts:
a laser transmitting unit, receiving optics and subsequent optical unit, signal detection and acquisition
unit, and control unit. The system used an all-solid-state Nd:YAG laser, which uses semiconductor
pumping technology and is compact and simple in terms of its structure. The laser emitted a pulse of
532 nm vertically, and the laser pulse interacted with the molecule and the aerosol in the transmission
path, wherein the backscatter signal was accepted by the receiving telescope. The receiving telescope
was a Cassegrain telescope, and the backscatter single passed through the aperture, the optical fiber,
and the optical filter, and was received by the photomultiplier tube. The output electric signal was
received by the amplifier, and was finally collected by the high-speed acquisition card. The vertical
resolution of this LIDAR was 15 m, and the temporal resolution was 5 min.

Table 1. The parameters of the ground-based LIDAR.

Technical Parameter Value

Wavelength/mm 532
Single pulse energy/mJ 30
Telescope diameter/mm 200

Receive field of telescope/mrad 1
Transmittance of transmitting optical element 0.8

Transmittance of receiving optical element 0.3

PM2.5, PM10, SO2, NO2, CO, and O3 monitoring data: The inspection period was from 26 December
2016 to 5 January 2017. The real-time variation data of the mass concentration of PM2.5, PM10, SO2,
NO2, CO, and O3 are provided by the Shouxian National Climatological Observatory at 32◦33’ N,
116◦47’ E. Meteorological element data: The monitoring data on the ground were sourced from the
Weather Underground website (https://www.wunderground.com/weather/cn/huainan/). The collected
meteorological elements include the temperature, relative humidity, wind speed and direction, and daily
cumulative precipitation.

https://www.wunderground.com/weather/cn/huainan/
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The Suomi National Polar-orbiting Partnership (NPP) satellite is part of the National Oceanic
and Atmospheric Administration’s (NOAA’s) Joint Polar Satellite System (JPSS). It provides essential
weather observation data to NOAA’s National Weather Service and contributes to NASA’s study of
the Earth’s climate. The Suomi NPP satellite operates in a derailed manner and operates around 14
orbits a day. The instruments observe the entire globe twice every 24-h day, and the satellite’s repeat
cycle is 16 days. The Suomi NPP satellite carries a total of five sensors. The Visible Infrared Imaging
Radiometer Suite (VIIRS) is mainly used to monitor the radiation changes of land, atmosphere, ice,
and sea in visible and infrared wave segments [28].

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) is the NASA and
CNES solar orbiting Earth reconnaissance satellite. CALIPSO is equipped with three zenith field
instruments (CALIOP, IIR, WFC) for the observation of aerosols and micron-sized clouds [29]. CALIOP
is a spaceborne LIDAR that can be used to provide information on the vertical distribution of aerosols,
cloud characteristics, and particle size classification of aerosols, etc. We can use information such as
the depolarization ratio and backscattering coefficient detected by LIDAR to invert the main aerosol
types, which provides a scientific basis for determining emission sources [30].

The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) is a professional model
developed by the National Oceanic and Atmospheric Administration (NOAA) for calculating and
analyzing the transport and diffusion trajectories of atmospheric pollutants [31].

2.2. Accurate Inversion Method in Low-Altitude Cloud Weather

LIDAR uses a laser as a light source. When the laser interacts with the atmosphere, it generates
radiation signals with atmospheric components such as atmospheric aerosol particles, air molecules,
and clouds. When the beam emitted by the laser is transmitted in the atmosphere, it is mainly exposed
to extinction of atmospheric aerosols and molecules. Some of the signals are scattered and returned
along the original path and received by the telescope. The attenuated backscattered return signal can
be expressed as follows:

P(z) =

CE0(βa(z) + βm(z)) ∗ exp

−2
z∫

0
(αa(z) + αm(z))dz


z2 , (1)

where P(z) represents the LIDAR return power; z represents the distance between the LIDAR and
the target; C is the LIDAR constant; βm(z) and αm(z) are the backscattering coefficient and extinction
coefficient of molecules, respectively; and βa(z) and αa(z) are the backscattering coefficient and the
extinction coefficient of the aerosols, respectively. Among them, the backscattering coefficient and
extinction coefficient of molecules can be obtained by atmospheric sounding data. Normally, it is
assumed that the ratio of the LIDAR to the backscattering is constant. According to the calculation
results of Mie scattering, the value of the extinction backscattering ratio Sa = αa/βa of atmospheric
aerosols spans at least one order of magnitude, i.e., 10–100 Sr. The lower values are generally
coarse aerosol particles such as dust and the higher values are generally aerosol particles converted
from gas particles. According to Rayleigh scattering, the extinction backscatter ratio of molecules
Sm = αm/βm. Figure 2 shows the vertical profile of range-corrected signal. In the winter in southern
China, the probability of cloud weather is high due to the relatively high relative humidity. During
the period of this study, clouds have been observed through LIDAR observations, there are 273
cloud profiles.



Atmosphere 2019, 10, 656 5 of 17
Atmosphere 2019, 10, x FOR PEER REVIEW 5 of 18 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 2. Vertical profile of range-corrected signal: (a) December 28 00:00–20:00; (b) December 29, 
01:05–23:55; (c) December 30 00:00–10:40 and 11:00–14:55; (d) January 2 00:00–22:00; (e) January 4 
00:00–9:20. 

The optical properties of the atmospheric components can be obtained from the radiation signal 
using the corresponding inversion algorithm. Therefore, accurate inversion for obtaining more 
accurate optical properties is particularly important. In order to improve the inversion accuracy of 
the Fernald algorithm [32], many methods have been proposed [33–35]. In the Fernald inversion 
algorithm, the LIDAR ratio and the extinction coefficient at the calibration height are unknown. The 
different choices of the LIDAR ratio will produce a change in the inversion results, and the value of 
the LIDAR ratio is closely related to the particle size, physical composition and particle spectrum 
distribution of the aerosol, so it is difficult to obtain a certain value [36]. During this weather process, 
due to the cloud cover, the LIDAR signal decayed rapidly and could not penetrate the cloud, which 
led to the inability to select the calibration point when using the Fernald method, so the extinction 
coefficient inversion was not accurate. Therefore, segmenting inversion is adopted in this paper to 
achieve accurate inversion of the extinction coefficient profile. Since the LIDAR cannot penetrate the 
low-altitude thick clouds, it is not considered in this paper. The Fernald forward integral algorithm 
expression is as follows: 

( ) ( ) ( )
( )

( ) ( ) ( ) ( ) ( )
'

2 ' '

2
' ' 2 '' '' '

exp 2

2 exp 2

c

c c

z

a m m
z

z z

a a m m
z za m

P z z S S z dz

P z z
S P z z S S z dz dz

z z

 
 ⋅ ⋅ − −
 
 

 ⋅
− ⋅ − − 

+   



 

β

β
β β

 (2)

In the Fernald method, the aerosol backscatter ratio is assumed to be a constant that does not 
vary with height and time. cz  represents the calibration height. Based on the aerosol extinction 
coefficient and the backscatter ratio at this position, the profile of the aerosol extinction coefficient 

Figure 2. Vertical profile of range-corrected signal: (a) December 28 00:00–20:00; (b) December 29,
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00:00–9:20.

The optical properties of the atmospheric components can be obtained from the radiation signal
using the corresponding inversion algorithm. Therefore, accurate inversion for obtaining more accurate
optical properties is particularly important. In order to improve the inversion accuracy of the Fernald
algorithm [32], many methods have been proposed [33–35]. In the Fernald inversion algorithm,
the LIDAR ratio and the extinction coefficient at the calibration height are unknown. The different
choices of the LIDAR ratio will produce a change in the inversion results, and the value of the LIDAR
ratio is closely related to the particle size, physical composition and particle spectrum distribution of
the aerosol, so it is difficult to obtain a certain value [36]. During this weather process, due to the cloud
cover, the LIDAR signal decayed rapidly and could not penetrate the cloud, which led to the inability to
select the calibration point when using the Fernald method, so the extinction coefficient inversion was
not accurate. Therefore, segmenting inversion is adopted in this paper to achieve accurate inversion of
the extinction coefficient profile. Since the LIDAR cannot penetrate the low-altitude thick clouds, it is
not considered in this paper. The Fernald forward integral algorithm expression is as follows:

P(z) · z2
· exp

−2(Sa − Sm)
z∫

zc

βm(z′)dz′


P(z)·z2

βa(z)+βm(z)
− 2Sa

z∫
zc

P(z′) · z′2 exp

−2(Sa − Sm)
z′∫

zc

βm(z′′ )dz′′
dz′

(2)

In the Fernald method, the aerosol backscatter ratio is assumed to be a constant that does not vary
with height and time. zc represents the calibration height. Based on the aerosol extinction coefficient
and the backscatter ratio at this position, the profile of the aerosol extinction coefficient can be reversed.
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In this paper, in the case of low–altitude cloud, the LIDAR ratio of cloud is smaller than that of aerosol,
and the extinction coefficient results are relatively small if the inversion is still carried out in the case of
clear and cloudless weather. Before employing the algorithm, the cloud bottom height, cloud peak
height, and cloud top height have to be calculated. The method for solving the cloud LIDAR ratio is as
follows:

1. According to the return signal measured by the LIDAR, the range-corrected signal is obtained
after data processing;

2. The height of the cloud base and the height of the cloud top are calculated. We determined
the height of the cloud base and the height of the cloud top by using the backscatter ratio.
The backscattering ratio in cloudless weather is generally close to 1.01 as the height increases.
However, starting from the height of the cloud base, the backscattering ratio increases rapidly
due to the strong backscattering ability of cloud particles. Then, the equation below is met:

βm(z) + βa(z)
βm(z)

> 1.01 (3)

This condition is maintained until the cloud top height. At this point, after setting a reasonable
threshold to identify clouds, the cloud top height and cloud bottom height are found by the
differential zero–crossing method.

3. The cloud LIDAR ratio is solved. The clean point after passing through the cloud layer is the
iteration starting point A, and the cloud bottom height is the iterative end point B. It is assumed
that there are few aerosol particles at this height; that is, the backscatter from point A to point B is
mainly derived from clouds. When the thickness of the cloud is not large, the LIDAR energy can
penetrate the cloud. At this time, the signal-to-noise ratio is sufficient, and the reference point can
be selected above the cloud. Since the LIDAR ratio of cloud may be lower than that of aerosol,
the extinction coefficient under cloud is generally smaller after the first inversion. The LIDAR
ratio of low-altitude cloud between point A and point B is obtained by using the relationship
between the extinction coefficient and backscatter ratio. Here, the condition for the end of the
iteration is:

αa(zB) ≥ 1.01 (4)

When the extinction coefficient value of point B satisfies the Equation (4), the iteration ends,
and the corresponding LIDAR ratio is the LIDAR ratio of cloud. Taking 15:00 in Figure 2a as an
example, the values of cloud LIDAR ratio is 31.57 Sr. The LIDAR ratio of cloud in this study is
22.57–34.14 Sr.

4. The extinction coefficient profile below cloud is solved. According to the iterated aerosol extinction
coefficient profile and changing LIDAR ratio, the extinction coefficient profile from near the
ground to point B is obtained. When the all-weather extinction coefficient profile is obtained,
the boundary layer properties of the atmosphere can be studied, and the aerosol optical depth
(AOD) can be used to characterize the quality of the atmosphere. AOD is the integral of the
extinction coefficient over a distance. The expression is

AOD =

z2∫
z1

α(z)dz, (5)

where, z1 represents the LIDAR return signal starting height; z2 represents the height of the
planetary boundary layer (PBL).
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3. Results and Discussion

From 26 December 2016 to 5 January 2017, Huainan region experienced an 11-day period of
alternations of hazy-foggy weather, which finally disappeared. The near-surface air quality experienced
a change of “good–light pollution–moderate pollution–heavy pollution–good”. The source of the
air quality index (AQI) is provided by China National Environmental Monitoring Centre. In this
pollution incident, on December 26, the AQI reached 52. It then reached 140 on December 27, rose to
179 on December 29, and continued to rise over the following four days. It peaked at 250 on January
2, remained heavily polluted on January 3 and 4, and dropped to 72 on January 5, with a good air
quality. The foggy-hazy composite pollutions were observed by VIIRS Suomi NPP from 27 December
2016 to 3 January 2017. Figure 3 shows the 1 km true-color images. As can be seen from the picture,
On January 20, 2017, the AQI value was 74, and the air quality was good. The satellites were used
to clearly see the ground. While during the pollution period, visibility is low in Huainan and its
surrounding areas. In order to analyze the local hazy-foggy alternations caused by pollutants, firstly,
the correlation analysis was conducted according to the concentration of particulate matter and other
pollutants, and then, the influence of meteorological factors on the concentration of particulate matter
was analyzed. Finally, the optical characteristics of aerosol particles in the foggy-hazy alternations
were studied.
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Figure 3. The Visible Infrared Imaging Radiometer Suite (VIIRS) Suomi National Polar-orbiting
Partnership (NPP) 1 km true-color images during the foggy-hazy composite pollutions and a sunny day.

3.1. Analysis of the Meteorological Condition and Pollutant Concentrations

In order to further analyze the relationship between the particle concentration and polluted gas in
the process of hazy-foggy composite pollution, this paper analyzes the data by time series plotting, as
shown in Figure 4.

Among the results, PM10 and PM2.5 have a good synchronicity. The hourly average change of
PM10 is from 32 µg/m3 to 412 µg/m3, and the hourly average change of PM2.5 is from 14 µg/m3 to
258 µg/m3. When the humidity rises, dry hygroscopic aerosol particles will grow [37]. The observation
in north China shows that the particle size of aerosol particles will increase by 20–60% after water
deposition [38], resulting in a "false high" of the PM2.5 concentration when the relative humidity is
high. According to Figure 4b, PM10 concentrations are smaller than PM2.5 concentrations at 4:00–13:00
on January 5, and the relative humidity at this time is 99%. This is not only the contribution of because
of aerosol particles, but also because of the influence of relative humidity at this time. The relative



Atmosphere 2019, 10, 656 8 of 17

humidity affects the measurement accuracy of the instrument, making the error larger. NO2 and O3 are
negatively correlated. O3 shows single-peak diurnal variation, which is a photochemical conversion
characteristic. The changes of gaseous pollutants SO2, NO2, and particulate matter are also relatively
consistent, and the peak change time of the three substances is basically the same, indicating that
foggy-hazy weather has a relationship with gaseous precursors. This is because SO2 and NO2 are
gaseous precursors of the secondary transformation of sulfate and nitrate in particulate matter, so the
increase of concentration of SO2 and NO2 will also induce foggy-hazy pollution.Atmosphere 2019, 10, x FOR PEER REVIEW 8 of 18 
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Figure 4. Concentrations of PM2.5, PM10, SO2, CO, and NO2 in Huainan. 
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peaking on January 5, and the pollutants gradually dissipated. According to the meteorological 
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Figure 5 analyzes the relationship between four meteorological factors (relative humidity,
temperature, wind speed, and visibility) and particulate matter. It can be seen from Figure 5a
that the concentration of PM2.5 is similar to the change trend of relative humidity, which is due to
the fact that main inorganic salts on the particles, such as sulfate and nitrate, are highly hygroscopic
substances. When the relative humidity in the environment is relatively high, the strong hygroscopic
substance will absorb moisture and increase the particle size of the particles. Therefore, the probability
of a heterogeneous reaction increases, resulting in increased pollution. It can be seen that a high
humidity is more conducive to the formation of "secondary pollution" [39]. In this pollution incident,
the daily average relative humidity is very high, and the relative humidity from December 28 to
January 2 is between 70 and 80%, and the relative humidity in the rest of the weather is more than
85%. High-temperature weather is conducive to the dissipation of fog. When the temperature rises,
the relative humidity decreases and the content of the fog in the air also decreases. In addition, particles
with a poor thermal stability (such as ammonium nitrate) will evaporate into gases at high temperatures,
so that the concentration of the solid particles is lowered [40]. However, the pollution occurred in
winter. As can be seen from Figure 5b, the temperature range is 2–9 ◦C and the average temperature is
only 4.6 ◦C. The surface wind speed affects the horizontal diffusion of air pollutants. When the wind
speed is increased, the horizontal diffusion is accelerated and the pollutants are diffused and diluted
quickly. When the wind speed decreases, the pollutants are easily enriched, resulting in increased
pollution. It can be seen from Figure 5c that there is a strong negative correlation between the wind
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speed and PM2.5 concentration. In the early stage of this weather process, the change of surface wind
speed was not obvious, and the pollutant particles remained for a long time, providing a sufficient
amount of time for secondary transformation. Moreover, due to the rapid development of the Yangtze
River delta region, the urban buildings are more and more dense, resulting in an increase in the static
wind state, which is even more detrimental to the horizontal diffusion of pollutants. Beginning on
January 4, the wind speed gradually increased, peaking on January 5, and the pollutants gradually
dissipated. According to the meteorological industry standard, when the visibility is less than 10.0 km,
the weather phenomena, such as precipitation, dust, sand, floating dust, etc., are excluded, and the
relative humidity is less than 80%, and it is classified as haze. Therefore, combined with the relationship
between relative humidity, visibility, and particle concentration, the particle concentration on December
26 was not high, but the relative humidity was high and the visibility was low, indicating that the day
was dominated by fog. From December 27 to January 1, the concentration of particulate matter was
relatively high, and the relative humidity was less than 80%, indicating that haze was the dominant
factor on these six days. From January 2 to January 4, the concentration of particulate matter continued
to rise and the relative humidity was relatively high, which indicated that the fog and haze were
alternately polluted on these three days.
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Figure 5. Variations of PM2.5 concentration with meteorological parameters: (a) Relative humidity; 
(b) temperature; (c) wind speed; (d) horizontal visibility. 

When pollutants are released into the air, they are diluted and dispersed by turbulence. When 
the atmospheric environment is in a static state, the pollutants are not conducive to being diluted, 
and the inversion layer of "lower cold and upper warm" easily appears in the vertical direction. The 
inversion phenomenon is like a layer of "quilt", which blocks the vertical movement of air in the low 
air, and promotes the concentration of aerosol particles near the ground, resulting in the aggravation 
of haze pollution. Generally, in the early stage of pollution, inversion is often accompanied, which 
provides the previous conditions for the enrichment and transformation of pollutants. Figure 6 
shows the vertical temperature profile measured by a radiosonde before and after haze at the 
meteorological station closet to the location of LIDAR. The results show that from December 27 to 
January 5, there is a strong inversion on the top of the haze layer and the colder surface, which is 
very different from that before the haze on December 26. During the process of foggy-hazy 
pollution, the height of the inversion layer is low. On the 27th and 29th, the height of the inversion 
layer was around 1000 m. The height of the inversion layer decreased from the 30th to 4th, when the 
average height was below 400 m, and the height of the inversion layer on the 5th was around 1500 m. 
The height of the inversion layer affects the vertical diffusion of pollutants, and the wind speed 
affects the horizontal diffusion, resulting in the accumulation of pollutants reaching the highest 
value on January 2 during the weather event, when the average wind speed was 0.875 m/s and the 
visibility was only 1.56 km. 

Figure 5. Variations of PM2.5 concentration with meteorological parameters: (a) Relative humidity;
(b) temperature; (c) wind speed; (d) horizontal visibility.

When pollutants are released into the air, they are diluted and dispersed by turbulence. When
the atmospheric environment is in a static state, the pollutants are not conducive to being diluted,
and the inversion layer of "lower cold and upper warm" easily appears in the vertical direction.
The inversion phenomenon is like a layer of "quilt", which blocks the vertical movement of air in the low
air, and promotes the concentration of aerosol particles near the ground, resulting in the aggravation
of haze pollution. Generally, in the early stage of pollution, inversion is often accompanied, which
provides the previous conditions for the enrichment and transformation of pollutants. Figure 6 shows
the vertical temperature profile measured by a radiosonde before and after haze at the meteorological
station closet to the location of LIDAR. The results show that from December 27 to January 5, there is
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a strong inversion on the top of the haze layer and the colder surface, which is very different from
that before the haze on December 26. During the process of foggy-hazy pollution, the height of the
inversion layer is low. On the 27th and 29th, the height of the inversion layer was around 1000 m.
The height of the inversion layer decreased from the 30th to 4th, when the average height was below
400 m, and the height of the inversion layer on the 5th was around 1500 m. The height of the inversion
layer affects the vertical diffusion of pollutants, and the wind speed affects the horizontal diffusion,
resulting in the accumulation of pollutants reaching the highest value on January 2 during the weather
event, when the average wind speed was 0.875 m/s and the visibility was only 1.56 km.Atmosphere 2019, 10, x FOR PEER REVIEW 10 of 18 
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In summary, from the relationship between the meteorological conditions and the concentration
of pollutants, the meteorological conditions change little, and the concentration of particulate matter
gradually increases. The weak surface wind speed, high relative humidity, low temperature, and strong
inversion cause pollutants to gradually become enriched in the lower layer.

3.2. Aerosol Optical Properties during the Foggy-Hazy Weather

Since the Mie-LIDAR is a two-axis system, after a certain distance Z, the return signal can all
enter the receiving field of view. At a distance of <Z, the backscattered light is partially accepted by
the telescope. Therefore, experimental methods are often used to correct the overlap factor. First, we
directed the LIDAR horizontally to emit a certain amount of laser pulses into the atmosphere. In the
atmospheric return signal obtained at this time, since the atmospheric level is uniform, the atmospheric
extinction coefficient and the backscattering coefficient were constant. We used the partial least squares
fitting method to obtain the range-corrected signal, and obtained the overlap factor. Finally, we got the
original return signal of 0–200 m.

Figure 7 shows 24-h backward trajectories during this weather process. An increase of the
pollutant concentration occurred in three periods: (1) 9:00 on 27 December; (2) 15:00 on 29 December;
and (3) 15:00 on 2 January. As can be seen from the figure, most of the air mass of 2000 m came from
Inner Mongolia. Apart from January 2, most of the 500m and 1000 m air masses were raised in northern
regions, such as Hebei and Shandong. The 500 m height of the air mass mostly came from surrounding
cities in Huainan on January 2. Figure 7c shows the low-altitude air mass settled near to the ground at
6:00 on December 29 (local time). It can be seen that the near-surface air mass mainly came from the
cities near the Huainan region and heavily polluted areas in the north, while the upper air mass came
from Inner Mongolia.
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Figure 8 shows the vertical profile of the extinction coefficient on December 28, 29, and 30 and
January 2 and 4. Through LIDAR observation, the average height of PBL on December 28 is about 2 km,
but the height of PBL gradually declines after 29th. It is found that the falling movement of the lower
troposphere causes the aerosol particles to gather in a very shallow layer, and the average height of the
boundary layer is below 1000 m. During this period, the aerosol particles are mainly concentrated
below 500 m, and the maximum aerosol load is concentrated around 100–300 m. The lower PBL and
inversion layer limit the diffusion of pollutants in the vertical direction. On December 28, due to the
low content of particulate matter, the average extinction coefficient was 0.37. After 16:00, since the
height of PBL increased, the value AOD tended to increase. Starting from 01:00 on December 29,
a layer of air mass with a high content of aerosol particles was observed, which tended to descend to
the ground vertically. As a result, the accumulation number of aerosols on the ground increased after
the 29th, which is consistent with the backward trajectories in Figure 7b,c. The air mass settled to the
ground at approximately 6:00 local time on December 29. The average wind speed on the day was 2.25
m/s, and the horizontal diffusion was slow. The average temperature was 2 ◦C, and the continuous low
temperature was not conducive to the formation of wind and the reduction of water vapor content in
the air. The relative humidity was high, reaching the daily average of 78%, which further promoted the
generation of "secondary pollution". All these meteorological factors are not conducive to the diffusion
of pollutants, so the concentration of particulate matter and gaseous pollutants on the 29th increased
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compared with the previous three days, and the foggy-hazy weather continued and was aggravated
after the 29th. On December 30, the average wind speed decreased to 1.5 m/s, and the relative humidity
was 77%. The particulate matter content continued to rise, and the pollution weather continued.
Until January 2, the average wind speed dropped to 0.875 m/s, PM2.5 reached its maximum value of
258 µg/m3, and the average extinction coefficient was 0.76, indicating the most serious pollution. On
January 4, there was rainfall according to the records of the Shouxian Meteorological Bureau. With
the increase of wind speed and temperature, the horizontal diffusion speed of aerosol particles was
accelerated. After 9:00, the amount of near-surface aerosol accumulation was significantly reduced.
On January 5, the average wind speed reached 5.75 m/s, and pollutants were diluted and transported
by the wind. The foggy-hazy weather ended and the visibility improved.
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00:00–9:20.

Figure 9 shows the relationship between the particulate matter and the AOD (using the algorithm
proposed in Section 2.2 above). The blue line represents PM2.5 and the pink line represents AOD.
According to the extinction coefficient profile, since the foggy-hazy phenomenon was not very serious
on December 28, the relationship between PM2.5 and AOD was not significant. After 16:00, as the
boundary layer tended to increase, AOD also increased. On the following days, the curve trends of
PM2.5 and AOD were roughly the same. The air mass settled on December 29, and the concentration
of particles increased along with the static and stable weather, resulting in the values of PM2.5 and
AOD both increasing. This indicates that there is a positive correlation between PM2.5 and AOD.
Through correlation analysis, we found that R2 = 0.7368, showing a linear relationship. After January
4, the haze began to weaken, and the AOD value showed a decreasing trend. On January 5, the AQI
index recovered well, which was basically consistent with the change of the extinction coefficient,
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indicating that AOD could also reflect the condition of pollution. Yang et al. [41] investigated the
relationship between PM2.5 and AOD acquired by satellites at different temporal and regional scales.
Our study investigated the relationship between PM2.5 and the near-surface AOD obtained by LIDAR
in the Huainan area, and the influence of the low-altitude cloud is removed when acquiring data.
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Figure 9. Relationship between particulate matter and the aerosol optical depth (AOD): (a) Variation 
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Figure 10 shows the aerosol subtypes on December 30 and January 1. Since the observation of 
CALIPSO is global and large-scale, our research area selection range is Anhui Province. Through the 
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Figure 10 shows the aerosol subtypes on December 30 and January 1. Since the observation of
CALIPSO is global and large-scale, our research area selection range is Anhui Province. Through
the vertical continuous detection of CALIPSO, we found that polluted dust-type aerosols are
mainly concentrated in the middle and bottom layers of the atmospheric troposphere, and polluted
continental-type aerosols are mainly concentrated in the bottom layer of the atmospheric troposphere.
Among them, the polluted dust-type aerosol is thicker, and the thickness of this type of aerosol particles
is close to 5 km. According to the analysis of HYSPLIT, the aerosol particles in the middle layer of the
troposphere are transmitted to the Huainan area along with the air mass. The polluted continental-type
aerosols concentrated in the bottom layer come from human activities.
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Figure 11 shows the VIIRS deep blue AOD at 550 nm in Huainan. Due to the cloud cover, the AOD
values of five days in this weather process were selected, and the AOD values showed obvious spatial
gradient, which were larger in the north and smaller in the south of Huainan. The values of AOD over
the Huainan area were 0.056, 0.504, 0.571, and 0.728. During the occurrence of foggy-hazy weather,
the increasing AOD value represents an increasing amount of aerosol particle aggregation, which is
basically consistent with the ground-based LIDAR observation. Figure 12 shows the VIIRS angstrom
exponent (AE) at 550 nm in Huainan. The values of AE over the Huainan area were 1.481 and 1.30.
It can be seen that on December 30 and 31, the pollutants are mainly fine-mode particles, indicating
that the main pollutants are from man-made emissions. Due to the limited amount of AE data, it is not
possible to judge whether the external air mass is mixed with the local man-made emissions, resulting
in the change of the pollutant particle size.
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Through the observation and analysis of the pollution weather in the Huainan area, it has been
found that the data analysis of ground instruments and satellite sensor is consistent and reasonable in
terms of the variation of the pollutant concentration and spatial distribution.
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4. Conclusions

In this paper, the cooperative effects of ground-based LIDAR and satellite sensors were used to
observe the weather conditions in the Huainan region, where continuous foggy-hazy alternations
occurred from December 26, 2016 to January 5, 2017. This study explored the course of the event by
examining pollutant concentrations, meteorological factors, and aerosol optical properties, resulting in
the following observations:

1. Extinction coefficient inversion in low-altitude cloud weather: Under the condition of low altitude
cloud, the extinction coefficient of cloud particles for LIDAR signals is different from that of
aerosol particles, which leads to small extinction coefficient results when Fernald inversion is
used, meaning that accurate inversion extinction coefficients have certain limitations. In this
paper, segmentation inversion is used, and the backscatter ratio is used to identify the low-altitude
cloud clouds. Then, the differential zero-crossing method is used to identify the cloud top height
and the cloud bottom height, and the cloud LIDAR ratio is reasonably selected through iterative
inversion. Accurate inversion of the extinction coefficient profile is realized in this paper, and the
LIDAR ratio of cloud in this period is 22.57–34.14 Sr.

2. Analysis of the meteorological condition and pollutant concentrations: During the formation
of this weather, PM2.5 and major trace gases increased significantly, the photochemical reaction
and heterogeneous reaction process may have led to the increase of sulfate and nitrate, and the
influence of humidity led to the formation of "secondary pollution", meaning that this event
had a greater impact on the region. A weak surface wind speed, high relative humidity, low
temperature, and strong inversion caused pollutants to gradually become enriched in the lower
layer. The accumulation of pollutants caused the continuous formation of haze after December
29, resulting in visibility in the Huainan area below 10 km.

3. Aerosol optical properties: In this case, the near-surface air mass mainly came from the cities near
the Huainan region and the heavily polluted areas in the north, while the upper air mass came
from Inner Mongolia. Through the inversion of the extinction coefficient profile of ground-based
LIDAR data, with the settlement of pollutant air mass on December 29, meteorological factors
acted as incentives, causing pollutants to gradually become enriched. After January 4, there was
a gradual easing trend. The correlation index of PM2.5 and AOD was 0.7368, indicating that there
is a definite linear relationship between them, and AOD can also reflect the pollution condition of
this region. The AOD calculated by the ground-based LIDAR is consistent with the AOD trend
obtained by the spaceborne sensor, and the AOD value peaks on January 2.

The analysis of the weather process in this paper can provide a research basis for foggy-hazy
pollution in the Huainan region. In future studies, we will further calculate the cloud LIDAR ratio
under the influence of multiple scattering, and compare the aerosol optical characteristics in different
seasons and regions with the long-term observation data, so as to improve our understanding of the
impact of the atmospheric environment.
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