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Abstract: From 26 March to 30 March 2021, a severe mixed haze and dust pollution process occurred
in Jinan, China. Ground light detection and ranging (LiDAR) and satellite radar were used to observe
and analyze the mixed pollution. In this study, a variety of data, including the pollutant concentration,
meteorological factors, radiosonde data, and Cloud–Aerosol Lidar and Infrared Pathfinder Satellite
Observation (CALIPSO) satellite data, as well as back-trajectory analysis, were employed to analyze
the causes of the mixed pollution. The results show that, at the beginning of this weather process, fine
particulate matter such as PM2.5 was the main source of pollution, and the low air mass transporting
the main pollution originated from nearby cities and polluted industrial areas. After 28 March,
due to the influence of a high-altitude Mongolian air mass, the concentration of coarse particulate
matter such as PM10 increased significantly. The surface temperature, humidity, and wind speed
also affected the accumulation of pollutants, which affected the timely diffusion of the pollution. In
this study, ground LiDAR and satellite-based radar were used to detect the pollution. On the basis
of a comprehensive analysis of the various meteorological factors, the formation and influence of
the pollution were investigated from various perspectives. The extinction coefficient reflected the
PM2.5 concentration, verifying the effectiveness of LiDAR in pollution concentration detection. The
variation in the boundary layer height also had an important effect on pollution dissipation.

Keywords: Jinan; haze; dust; LiDAR; aerosols

1. Introduction

Aerosols are composed of suspended solid particles and gas particles in the atmo-
sphere [1]. The characteristics of aerosols have a certain impact on the air quality and
climate change, thus affecting people’s daily lives [2,3]. In recent decades, with the con-
tinuous development of China’s industry, human activities and fuel combustion have
led to a sharp increase in the amount of particulate matter in the air [4,5]. As an impor-
tant factor in the atmospheric water cycle and radiation budget, aerosols have a certain
impact on the regional climate and even the global climate [6,7]. Therefore, aerosol pollu-
tion has attracted the attention of many scholars, and research on aerosols has important
practical significance.

Haze is a weather phenomenon caused by fine particles in aerosols under low-
humidity conditions. Generally, the horizontal visibility is less than 10 km [2]. Haze
contains a large number of fine particles [8], including a high concentration of PM2.5,
which can enter the respiratory tract through the alveoli, thus having an impact on human
health [9]. In addition to haze, dust is also a common component of atmospheric aerosol
pollution. Dust is dominated by coarse particles and has a high concentration of PM10. The
concentration of dust aerosols in the atmosphere continues to rise, as seen in the frequent
sandstorms that occur every spring. Aerosols not only have an important impact on atmo-
spheric radiation and the climate, but they also have a large impact on the air quality and
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environmental ecology [10,11]. Haze and dust cause air pollution, reduce visibility, and
affect people’s work and lives. Thus, it is necessary to monitor aerosol pollution over the
long term.

With the increasing attention paid to air pollution, many scholars have studied haze
events and dust events [12]. Xiang et al. [13] studied the fine particle pollution in northern
China using ground-based and vehicle-mounted light detection and ranging (LiDAR),
and they simulated the air quality using the Weather Research and Forecasting (WRF)
coupled with Chemistry (WRF-Chem) model. Fu et al. [14] used LiDAR and satellite
observations to analyze a haze weather event in the Huainan area and found that the
aerosol optical depth (AOD) was positively correlated with PM2.5, while the AOD could
also reflect the pollution situation in the study area. Lei et al. [15] monitored and analyzed
a dust aerosol pollution process in the main urban area of Nanchong City using ambient
air quality particulate matter monitoring and meteorological observation instruments,
and they simulated and analyzed the source of the dust aerosols using the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model. Yang et al. [16] conducted
vertical remote sensing observations of dust aerosols using aerosol LiDAR and studied the
three-dimensional changes and causes of dust weather, which is of great significance to the
study of urban pollution.

Most of the above studies were carried out independently, and few studies have been
conducted on mixed haze and dust pollution weather [17]. Unlike the single cases of haze
or dust, when mixed pollution occurs, the main components of the aerosols are different;
therefore, they have different optical properties, and their impact on the environment is
also different. In this study, a mixed haze and dust pollution event that occurred in Jinan in
March 2021 was studied; the pollutant concentrations, meteorological factors, radiosonde
data, and Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)
satellite data, as well as back-trajectory analysis, were employed to analyze the causes
of the mixed pollution. On the basis of the influence of the changes and interactions of
the aerosols and meteorological factors on the pollution, the occurrence conditions and
mechanisms of such mixed pollution events were determined. The results of this study
provide a reference for improving research on mixed haze and dust pollution in the future.

2. Materials and Methods

As Figure 1 shows, Jinan (117◦00′ E, 36◦40′ N) is the capital of Shandong Province.
Jinan City is located in the eastern industrial zone of China. It is a modern city that focuses
on industry. In recent decades, Shandong’s heavy industry has developed rapidly, and
there are many steel and cement enterprises around Jinan City. The waste gas discharged
into the atmosphere by these enterprises is likely to lead to the formation of atmospheric
pollution such as haze. Air pollution is a frequent problem due to the long-term manmade
pollution and industrial emissions [18].

In addition, Jinan is located in eastern China, where the terrain is high in the south and
low in the north, and there are several small mountains to both the east and west, forming
a unique semi-basin terrain in Jinan. Jinan is in the leeward direction of the Mongolian dust
source; therefore, when dust is frequent in the spring, it is often affected by the Mongolian
air mass, and dust weather occurs. When the weather conditions are stationary and stable,
the accumulation of pollutants is more likely to occur, which is conducive to the formation
of pollution weather [19].
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Figure 1. The geographic locations of the monitoring sites.

2.1. Ground-Based LiDAR, Satellite Data, and Model Product

LiDAR is a rapidly developing detection technology, which has been widely used
in various fields [20]. As an atmospheric monitoring tool, LiDAR has better continuity
and resolution than traditional atmospheric detection methods. LiDAR can be used to
monitor various components in the atmosphere and to monitor aerosols in real time. More
importantly, LiDAR allows us to study the vertical profiles of the optical properties of
aerosols. The ground-based LiDAR observation point used to collect the data for this study
was located on the campus of Shandong Normal University (116◦8′ E, 36◦6′ N). The Mie
LiDAR used in this study was capable of obtaining the morphology of the particles and
analyzing the composition and spatiotemporal evolution of the aerosols by studying the
depolarization characteristics of the particles. The structure and spatiotemporal evolution
of the planetary boundary layer (PBL), the vertical profile and temporal evolution of the
extinction coefficient of the atmospheric aerosols (dust), the atmospheric visibility, and the
PM2.5 and PM10 concentrations were obtained from the LiDAR detection data. We used
LiDAR to continuously monitor the distribution of atmospheric aerosols [21].

The LiDAR system consists of a laser transmitter, a receiving system, and a signal
analysis and processing system. The laser radar emits a laser beam toward the target
atmosphere. After receiving the backscattering signals of the interaction between the
detection laser and the target, the data processing system analyzes and processes the echo
signals in order to obtain the information about the particles in the target atmosphere [22,23].
This method is a common way to monitor atmospheric particulate pollution. The related
parameters of the LiDAR are presented in Table 1.

Table 1. Related parameters of the Ray-GB particle LiDAR.

Parameter

Laser type Pumped solid-state laser
Wavelength 532 nm
Pulse energy ≥1 mJ

Pulse frequency 2000 Hz
Telescope diameter 125 mm

Detection blind zone ≤60 m

Detection distance Maximum vertical detection height ≥ 10 km;
Horizontal detection ≥ 10 km

Vertical resolution 3.75–15 m
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2.2. Inversion Method

The aerosol LiDAR signals were obtained from the LiDAR data using Equation (1) [24].

P(z) =
EC
z2 ∗ [βa(z) + βm(z)]∗ exp[− 2

∫ z

0
αa(z) + αm(z)dz], (1)

where β(z) = βa(z) + βm(z), and α(z) = αa(z) + αm(z). P(z) is the aerosol LiDAR sig-
nal at altitude z(w). E denotes the fixed parameters of the emitted laser, including the
laser emission power. C is the speed of light (m/s). βa(z) and βm(z) are the backscat-
tering coefficients of the aerosol particles and air molecules (km−1·sr−1), respectively,
and αa(z) and αm(z) are the extinction coefficients of the aerosol particles and air molecules
(km−1·sr−1), respectively.

Compared with other methods [25,26], Fernald’s method is the most commonly used,
stable, and accurate inversion method [27]. Therefore, Fernald’s method was used to
retrieve the extinction coefficient of the aerosols. The extinction coefficient of the aerosols
was obtained using Equation (2).

αa(z) =
P(z) exp

[(
2Sa
Sm
− 2
) ∫ z0

z αm(z)dz
]

2
∫ z0

z P(z) exp
[(

2Sa
Sm
− 2
) ∫ z0

z αm(z)dz
]
+ P(z0)

αa(z0)
+ Sa

Sm
αm(z0)

, (2)

where Sa is the ratio of the extinction coefficient to the backscattering coefficient for the
atmospheric aerosols, i.e., the LiDAR ratio. Specifically, Sa = αa(z)

βa(z)
, and it is an empirical

constant. Generally, for mainland China, 50 sr is usually chosen as the LiDAR ratio for haze
particles [13]; as the LiDAR ratio for Asian dust events during the spring, a mean value
of 51 sr is generally used [28]. After considering the type of aerosol particles, we chose Sa
to be 50 sr for mixed particles at 532 nm. Sm is the ratio of the extinction coefficient to the
backscattering coefficient for atmospheric molecules; specifically, Sm = αm(z)

βm(z) . The LiDAR

ratio for atmospheric molecules is fixed at Sm = 8π
3 . From the above formula, the extinction

coefficient of the aerosols can be obtained.

2.3. Ground Station Data, Satellite Data, and Model Product

In this study, various meteorological observations obtained from 28 to 29 March were
used, and the main air pollutants included PM2.5, PM10, SO2, NO2, CO, and O3. The
hourly mean pollutant concentrations were obtained from the Changqing Party School
(116◦734′ E, 36◦534′ N), which is one of the sites operated by the Shandong Meteorolog-
ical Bureau. In addition, the radiosonde data, including the temperature (Tem), relative
humidity (RH), and wind speed (WS) in the vertical direction, as well as the meteorological
data, including the hourly mean values of RH and temperature, were used. Both the
radiosonde and meteorological data used in this study were provided by the Shandong
Meteorological Bureau.

The satellite monitoring data used in this study were collected by CALIPSO [29], which
was jointly developed by the National Aeronautics and Space Administration (NASA) and
the Centre National d’Etudes Spatiales (CNES). CALIPSO is the first global satellite for
the observation of clouds and aerosols, and it provides the physical characteristics and
temporal and spatial distribution of clouds and aerosols, which is helpful in studying the
formation, development, and interactions of clouds and aerosols [30].

In order to determine the aerosol transport trajectory, the Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model [31] was used. The HYSPLIT model
is a professional model that was developed by the National Oceanic and Atmospheric
Administration (NOAA). It is used to calculate and analyze the transport and diffusion
trajectory of air pollutants. The HYSPLIT model was used to calculate the backward
trajectory and to identify the source of the polluted air mass and its path.



Photonics 2022, 9, 144 5 of 11

3. Results

From 25 to 30 March 2021, a serious mixed haze and dust pollution event occurred in
Jinan, China. This mixed pollution was observed and analyzed using ground-based LiDAR
and satellite LiDAR. Figure 2 presents the Moderate Resolution Imaging Spectroradiometer
(MODIS) true color images acquired during the pollution event in the Jinan area.

Figure 2. Visible Infrared Imaging Radiometer Suite (VIIRS) Suomi NPP 6 km true color images
acquired during the pollution event investigated in this study.

3.1. Transboundary Aerosol Transport Observed by the CALIPSO Satellite

Figure 3 shows the dust transport process observed by CALIOP during the 28 March
mission. The variations in the aerosols in the vertical direction from the source to the study
area can be seen. As can be seen from Figure 3, on 28 March, a large amount of dust was
distributed 1–4 km above Jinan, and the height of the dust was relatively low. It should be
noted that, at the bottom of the dust, pollution dust appeared in combination with ground
pollution, forming mixed haze and dust pollution. According to the backward transmission
trajectory, the power of the northwest wind was conducive to the eastward transmission
of the dust. The dust settled near the surface and combined with the near-surface aerosol
pollution to form polluted dust.

Figure 3. The vertical continuous detection by CALIPSO: aerosol subtypes on 28 March 2021.

3.2. Ground-Based LiDAR Observations of Aerosols

Figure 4 shows the vertical distribution of the extinction coefficient obtained via LiDAR
at the experimental site on 28 March and 29 March. On the basis of the LiDAR observations,
the pollution was divided into three stages, combined with the meteorological data from
Sections 3.4 and 3.5 for comprehensive analysis. Stage 1 was From 12:00 a.m. to 8:00 a.m.
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on 28 March, and the boundary layer height was about 1.7 km. At this time, the humidity
increased, the wind was static and stable, the diffusion conditions became worse, and the
concentration of particles near the surface gradually increased. Stage 2 was from 8:00 a.m.
on 28 March to 4:00 a.m. on 29 March. During this period, high-altitude pollution input
was detected around 9:00 a.m., and the particle concentration increased significantly. As
the humidity increased to the maximum, the diffusion conditions of the particles became
unfavorable, the LiDAR observed that the pollution entered a stable period. They gradually
gathered on the ground, and the pollution intensified further. This phase lasted until 4:00
a.m. on 29 March. During Stage 3, the humidity decreased, the wind level increased, and
the planetary boundary layer rose steadily. The overall environmental conditions were
conducive to the diffusion of particle pollution. The concentration of the near-surface
pollutants decreased, and the environmental pollution index began to improve. The RH
and WS are discussed in detail in the next section.

Figure 4. Vertical profile of the extinction coefficient of the aerosols within 3 km above the ground
observed via LiDAR in Jinan: (a) 28 March 2021; (b) 29 March 2021.

3.3. Ground Station Meteorological Measurements

The concentrations of six standard air pollutants during this pollution event are shown
in the chart.

As can be seen from Figure 5, in the early stage, the pollution was predominantly
haze, the PM10 concentration was relatively low, basically below 150 µg/m3, and the
PM2.5 concentration was relatively high, with an average concentration of about 80 µg/m3.
Affected by the Mongolian air mass, dust began to affect Jinan at 9:00 a.m. on 28 March, and
the PM2.5 and PM10 concentrations simultaneously increased rapidly. They both reached
their maximum values at 6:00 p.m., with the PM2.5 concentration reaching 213 µg/m3 and
the PM10 concentration reaching 1230 µg/m3. Then, the concentrations began to decrease
and returned to a steady state at 4:00 p.m. on 29 March. Accordingly, the AQI index reached
a peak of 500 at 2:00 p.m. on 28 March and lasted 15 h. It did not start to gradually decrease
until 5:00 p.m. on 29 March, and the air quality gradually improved. By 6:00 p.m., the
pollution event had basically ended, and the pollution had eased.
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Figure 5. Changes in the PM2.5 and PM10 concentrations with time.

3.4. Analysis of the Meteorological Conditions and Pollutant Concentrations

Figure 6 shows the relationships between the meteorological factors and the particulate
matter. As can be seen from Figure 6, the PM2.5 concentration and relative humidity
exhibited roughly the same trends. This is due to the fact that, at the beginning of the haze
event, the relative humidity was high, and the main inorganic salts in the aerosol particles,
such as sulfate and nitrate, were highly hygroscopic substances; thus, they absorbed
the moisture in the air, which increased the particle size. As a result, the possibility of
multiphase reactions increased, leading to increased contamination. It can be seen that the
higher humidity was more conducive to increasing the particle concentration and to the
formation of secondary pollution.

Figure 6. Comparison of the amplitudes of the changes on 27 and 28 March 2021: (a) temperature
and relative humidity (RH); (b) CO and O3; (c) SO2 and NO2.

When air pollution occurs, the static state of the atmosphere is more unfavorable to
the diffusion of pollution. In the early stage of pollution, an inversion layer often appears
in the vertical direction. The inversion layer obstructs the vertical movement of the air and
is not conducive to the dilution and diffusion of pollutants. This is more likely to cause the
pollutants to accumulate on the ground, leading to serious pollution. Figure 7 shows the
vertical profiles of the temperature, humidity, and wind conditions at the weather stations
near the study area on 28 March. It can be seen that, at the early stage of the pollution,
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temperature inversion occurred above the surface, and the height of the inversion layer was
about 2000 m. At this height, the average wind speed was low, which was not conducive to
horizontal diffusion. In addition, the air humidity changed greatly.

Figure 7. Vertical profiles of the temperature, RH, and WS over Jinan (28 March 2021): (a) temperature
and RH profiles on 28 March 2021; (b) temperature and WS profiles on 28 March 2021.

On the basis of the relationships between the various meteorological conditions and
the pollutant concentrations described above, it can be seen that, when the wind speed was
low, an inversion layer appeared in the vertical direction, which obstructed the horizontal
and vertical diffusion, leading to further aggravation of the pollution.

3.5. HYSPLIT Backward Trajectory and Weather Condition Analysis

In order to analyze the source and path of the air mass described above, Figure 8
shows the backward trajectory based on the HYSPLIT model both near the ground and at a
high altitude. The reference point was Jinan (36◦40′ N, 117◦00′ E), and the research time
was the 48 h period before 12:00 p.m. on 28 March 2021. As can be seen from Figure 8a,
the high-altitude transmission route of this pollution event was roughly in the northwest
direction, and the air mass from Mongolia was the main source of this pollution above a
height of 1000 m. Affected by the airflow, these air masses carried a large amount of dust
particles, passed through Inner Mongolia, Hebei, and other places, and imported a large
amount of dust into the Jinan area. Figure 8b shows that the low-altitude transmission
below 500 m mainly originated in Hebei and other regions, which can be inferred to be
industrial pollution emissions and manmade pollution from the surrounding areas. At a
height of 1500 m, the air mass from Mongolia was the main source of pollution. Affected
by the airflow, these air masses carried dust particles, and a large amount of dust was
imported into the Jinan area. Due to the influences of the other meteorological factors, the
diffusion conditions in the boundary layer were poor, and the dust combined with the
aerosols near the surface to form mixed aerosol and dust pollution, which further worsened
the level of pollution.

The pollutant concentration, meteorological factors, radiosonde data, CALIPSO satel-
lite data, and back-trajectory analysis were employed in the study. On the basis of all
observations, the serious mixed pollution of haze and dust that occurred in Jinan was
studied. Haze played a dominant role in the early stage of pollution, and the RH increased
during haze. Under the condition of high relative humidity, main inorganic salts in the
aerosol particles such as sulfate and nitrate absorbed the moisture in the air, increased the
particle size and pollution concentration, and generated sulfate and nitrate aerosols, result-
ing in the aggravation of smog. The dust transportation process was observed in CALIPSO
on 28 March. The dust settled near the surface and combined with the near-surface polluted
aerosol to form polluted dust. During the pollution, an inversion layer appeared about



Photonics 2022, 9, 144 9 of 11

2000 m in the vertical direction. The inversion layer hindered the vertical movement of
air, leading to the stagnation of the weather. Combined with the above observations, the
atmospheric conditions were not conducive to diffusion, because the near-surface and
inversion layers with high RS and low WS, together with the input of dust particles, all led
to mixed pollution.

Figure 8. The 48 h backward trajectories: (a) low-altitude backward trajectory at 12:00 p.m. on
28 March; (b) high-altitude backward trajectory at 12:00 p.m. on 28 March.

4. Discussion

In this study, LiDAR was used to observe the mixed haze and dust pollution in Jinan
in March 2021. The transport routes and sources of the dust were analyzed on the basis
of meteorological parameters and by tracking the pollution sources, including CALIPSO
satellite radar and HYSPLIT backward trajectory analysis.

The results of this study are summarized below.

1. According to radar data and a variety of observations, in this study, a smog/dust
pollution process in Jinan was analyzed. The results show that, during the pollution
period, the static stability of the atmosphere was good, the humidity was high, and
an inversion layer formed, which was conducive to the accumulation of particulate
matter. Due to the influx of dust, the main pollutants in the air changed from PM2.5 to
PM10, and the pollution increased rapidly. As the humidity decreased, the atmospheric
boundary layer rose, the pollution gradually eased, and the pollution incident largely
ended on the 30 March.

2. The time, source, and cause of the haze and dust pollution in Jinan were different.
After 27 March, the PM2.5 concentration in Jinan increased, while the dust pollution
was transmitted into the study area on 28 March. After settling, it combined with the
near-surface aerosols to form polluted dust. During the pollution period, the dust
was mainly supplied by an air mass from Inner Mongolia, while the near-surface
pollution was caused by industrial emissions and automobile exhaust. The meteoro-
logical factors were not conducive to pollution diffusion, which led to deposition of
the pollution.

3. According to the spatial distribution characteristics of the PM2.5 and PM10, the near-
surface aerosol pollution was very serious. Due to the severe population in Jinan,
the mixed haze, sand, and dust pollution had a great impact to people’s lives. Sur-
rounding industrial sites should also pay attention to reasonable emissions to reduce
air pollution.

By observing the pollution events in the Jinan area via LiDAR and satellite, we obtained
the relevant information about and variation characteristics of the main pollution particles,
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which is an effective means of studying aerosol pollution. Due to its special geographic
location, Jinan has a rare small basin terrain; therefore, it is easier for particles to accumulate
and form air pollution. Unlike studies of only haze events (i.e., without dust), in this study,
the phenomenon of haze pollution transforming into dust pollution in Jinan was analyzed,
and the synergistic relationship between the various meteorological factors during the
pollution event was obtained. The results of this study provide a reference for further study
of the frequent mixed pollution events in spring in Jinan.

Although the analysis of this weather process in this paper can provide a research
basis for mixed pollution in Jinan area, the LiDAR observations and meteorological data in
this paper are still slightly limited. In order to better understand the influence of weather
change on pollution causes, it is necessary to study the local atmospheric circulation
in more detail, such as boundary layer height, wind field at different vertical heights,
and other meteorological fields. In the future, we will make long-term observations of
LiDAR and multivariate data, as well as collect more typical lidar observation samples.
Additional effort should be made to investigate the long-distance transportation of dust
using numerical models, so as to better understand the influence of cross-border dust
events on air quality.
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