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Abstract: A comprehensive study of the formation process of haze events in the Jinan area of
China during winter is conducted based on the ground-based and satellite observation data from
1 December 2020 to 12 January 2021. According to variation of pollutant concentrations, two typical
types of haze pollution are found in the Jinan area. During the type 1 haze pollution, the PM; 5
concentrations are greater than 75 pgm 2 and less than 115 pgm 2 with a short duration. The haze
is mainly caused by local pollutant emissions and the accumulation of pollutants transported from
areas around Jinan. By contrast, type 2 haze pollution episodes have a long duration and peak
PM,; 5 concentrations between 150 pgm*3 and 250 ugm*3, which is considered heavy pollution.
Type 2 haze pollution is mainly caused by a mixture of long-range transported dust with locally
emitted pollutants. Moreover, the unfavorable meteorological factors such as stable inversion layer,
continuous cold high-pressure system, high relative humidity, and low wind speed play an important
role in the formation of both types of haze pollution. In addition, there are significant photochemical
processes during the haze pollutions. According to satellite data, the AOD in Jinan and surrounding
areas is maintained at a high-level during haze pollution. It indicates that the local pollution is often
accompanied by regional pollution during haze pollution events. This study reveals the formation
process of haze pollution and promotes the study of regional climate change, which can provide
guidance to the government in the prevention and control of haze pollution in East China.

Keywords: haze pollution; satellite; lidar; dust transport; East China

1. Introduction

With the rapid development of China’s economy, accelerated urbanization and ex-
pansion of industry, the problem of air pollution is becoming increasingly serious [1,2].
Especially in the autumn and winter seasons, widespread and persistent air pollution fre-
quently occur in the central-eastern part of China, affecting the atmospheric environment
quality and endangering human health [3-6]. Therefore, the causes of air pollution need to
be analyzed and summarized to provide reference for the early warning of heavy polluted
weather and air pollution prevention and control.

Many studies have been carried out to investigate the air pollution in China. Xiong et al. [7]
collected PM; 5 samples simultaneously in 2011 and 2012 at three locations in Wuhan indus-
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trial park, Wuhan city center and Wuhan botanical garden, respectively. The PM; 5 concen-
trations at these monitoring sites were far more than the World Health Organization (WHO)
standards and the Chinese air quality standards. The main components of PM; 5 at each
monitoring site varied with the seasons. This study also found that the main sources of
carbon emissions were motor vehicle emissions, coal combustion, meat cooking and biomass
combustion. Gautam et al. [8,9] analyzed the influences of winter haze on fog/low cloud and
the holes in fog over the Indo-Gangetic (IG) plain based on the satellite data. They found that
the fine mode aerosols are dominate in winter haze and are significantly coupled with fog
formation over the IG Plain. The high aerosol loading and high black carbon concentrations
resulted in significantly less fog/low clouds in the winter of 2004-2005 than in previous
years. Meanwhile, the extent of fog holes appears highly correlated with city populations in
fog-prevalent regions of Asia, Europe and the United States. Furthermore, to continuously
monitor the spatial and temporal characteristics of fog and haze, Patil et al. [10] developed an
automated web-based fog monitoring system over the IG Plain using multi-spectral radiances
and aerosol/cloud retrievals from Terra/Aqua MODIS data. Galindo et al. [11] monitored
the concentrations of PM;, PM; 5, PM;g and related inorganic ions in the city of Elche in
southeastern Spain, between October 2008 to October 2009. Annual concentrations of PM; 5
and PM;o were found to decrease in different degrees relative to the period from 2004 to
2005, respectively. This is mainly due to a significant decrease in SO, emissions, increased
precipitation and reduced construction activities. Tao et al. [12] provided the first large-scale
and long-term observations of haze in the North China Plain region by integrating satellite
observations, ground-based measurements, and meteorological data. They found that haze
clouds are non-uniform in both vertical layer and horizontal distribution, leading to discrepan-
cies between ground-based measurements and satellite observations. The occurrence of most
haze clouds is not significantly correlated with local pollution. These studies are essential for
understanding and monitoring variation in air pollutant concentrations.

With further research, many studies were focused on the formation process of air
pollution [13-15]. Some studies indicated that the high emissions of urban pollutants and
the long-range dust transport were key factors influencing the formation of air pollution
events [16-18]. By analyzing a severe air pollution event in Wuhan in January 2015,
Liu et al. [19] found that the pressure and the accumulation of pollutants were the two
main causes of continuous haze formation. Then, dust transport and local anthropogenic
pollutant emissions promoted the accumulation of pollutants, resulting in continuous
haze pollution. Tao et al. [20] investigated the spatial variation, vertical structure, optical
properties and formation process of yellow haze clouds using multi-satellite observations,
ground measurements and meteorological data. Meanwhile, Tang et al. [21] analyzed
the characteristics and formation of a haze-fog-dust event that occurred in North China
and emphasized the effect of dust transport on regional environmental pollution during
the autumn and the winter. Moreover, He et al. [22] studied the vertical distribution,
horizontal extent and optical properties of dust in Wuhan area using polarized lidar and
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) and found
that the dust layer occurs at an altitude of about 1.4-3.5 km. The dust layer is lower in
winter due to the lower tropospheric inversion temperature and hygroscopic growth under
proper relative humidity conditions. These studies improve our understanding of the
sources and formation process of air pollution. However, as one of the most serious air
pollution cities among the cities in China [23,24], there are few studies on the formation
and characteristics of haze pollution in Jinan. To better grasp the pattern of heavy pollution
weather occurrence and provide reference for the local government to introduce relevant
environmental policies in a timely manner, it is urgent and necessary to study the sources,
composition and formation process of the persistent heavy pollution occurring in Jinan area.

A comprehensive study of the sources and formation of severe winter haze pollution
events in the Jinan region is conducted based on the ground-based and satellite data from
1 December 2020 to 12 January 2021. First, the variation of surface pollutant concentrations
and meteorological conditions is studied using pollutant monitoring data and meteoro-
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logical data from ground-based air observations. Secondly, the vertical characteristics of
the atmospheric temperatures and aerosol extinction coefficients are analyzed. Finally,
the sources and formation processes of pollutant events are explained based on Hybrid
Single Particle Lagrangian Integrated Trajectory (HYSPLIT) backward trajectory model,
CALIPSO data, and ground-based lidar detection data. Meanwhile, the regional pollution
characteristics of the winter pollution events are verified using MODIS satellite data.

2. Stations and Data
2.1. Observation Site

Jinan is the capital city of Shandong Province, located in the central-western part of
the province. The topography is high in the south and low in the north (Figure 1) [25].
According to the radiosonde data, Li et al. [26] found that the mixed layer height in Jinan is
low, and the diffusion capacity of the atmosphere is poor. It leads to the accumulation of
pollutants and frequent air pollution events in winter [27,28]. Figure 2 shows the MODIS
true color images during the air pollution event from December 2020 to January 2021. As
seen in Figure 2, the ground is covered by haze pollution. Long-term exposure to haze
pollution can cause important effects on human health, such as damage to the respiratory
and cardiovascular systems [29]. Therefore, it is essential to study the formation and
characteristics of haze pollution in the Jinan area.
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Figure 1. (a,b) Geography of Jinan area.
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Figure 2. MODIS Aqua 1 km true-color images on 6, 12, 18, 24, 28 December 2020 and 4 January 2021,
during the haze pollution events.
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2.2. Ground-Based Data

A micro pulse lidar (MPL) system was used to obtain the vertical profile of aerosol
extinction coefficients. The MPL system is located on the top floor of the College of Physics
and Electronic Science of Shandong Normal University (116°50'E, 36°32'N). The laser emits
a 532 nm wavelength beam. The pulse output energy and repetition frequency are 1 mJ
and 2000 Hz, respectively. The vertical resolution of the MPL is 7.5 m, and the temporal
resolution is 5 min. The MPL system can obtain the data including the extinction coefficient,
declination ratio, signal-to-noise ratio etc. The extinction coefficient data used in here is
collected from 1 December to 31 December 2020 and 7 January to 12 January 2021.

The hourly meteorological data and radiosonde data used in this study were provided
by the Bureau of Meteorology (http://data.cma.cn, accessed on 1 July 2021). It is located at
117°00'E, 36°36’N, 170 m above sea level, and 16 km northeast of the lidar measurement site.
The meteorological data including hourly values of temperature (Temp), relative humidity
(RH), atmospheric pressure, wind direction (WD) and wind speed (WS) in stations and
cities. The radiosonde data were obtained from the radiosonde balloons launches at Jinan
at 0800 and 2000 local time (LT) during the study period. The radiosonde data including
vertical information of temperature, RH, WS, etc. Its vertical resolution is 1 m. The
meteorological and radiosonde temperature data used in our research is collected from
1 December 2020 to 12 January 2021.

The concentrations of PM2.5 and gaseous pollutants were also provided by the Bureau
of Meteorology (http://data.cma.cn, accessed on 1 July 2021). It can provide hourly values
of PMj; 5, PMj, CO, NO,, SO,, O3, etc. The concentration data were also collected from
1 December 2020 to 12 January 2021.

2.3. Satellite Observations

CALIPSO is a new type satellite of three-dimensional observation of the Earth’s
cloud cover and aerosols [30]. CALIPSO provides global cloud and aerosol observations.
These products can be used to assess the radiative impact of clouds and aerosols, thereby
improving predictions of future climate change [31]. CALIPSO can detect aerosol vertical
extinction profiles and classify aerosols into six subtypes based on aerosol height, optical
information, etc. The aerosols subtypes include smoke, dust, contaminated dust (dust
and smoke), clean and contaminated continents and clean oceans [32]. The CALIPSO
EXPEDITED Browse Images can provide the color-modulated, altitude-time images of
CALIPSO attenuated backscatter, aerosol subtype, etc. The 532 nm attenuated backscatter
and aerosol subtype image from CAL_LID_L1_Exp-Prov-V3-41 product for 05, 11, 18, 24
and 28 December 2020 and 4 January 2021 Coordinated Universal Time (UTC) are used in
this study.

The MODIS on board the morning satellite Terra and afternoon satellite Aqua provides
long-term observations of changes in the atmosphere and the Earth’s environment [33].
MODIS can provide a variety of data products such as aerosol, cloud properties, land
surface reflectance, etc. [34]. Since Jinan is an inland city, previous studies have shown
that the Deep Blue algorithm has superior performance over the Dark Target algorithm for
aerosol optical depth (AOD) inversion in inland cities in China [35]. Hence, the deep-blue
AOD at 550 nm data of MYD04_L2 product for 05, 11, 18, 24 and 28 December and April
2020 and January 2021 (UTC) in Jinan area are used in this paper.

2.4. Other Data

The 24 h backward trajectories arriving at Jinan are calculated using HYSPLIT model [36]
of the National Oceanic and Atmospheric Administration (NOAA) to trace the source of
contaminated aerosols. The HYSPLIT model is divided into a web version and a software
version, and the HYSPLIT model used in this study is the web version [37]. The 24 h
backscatter trajectory models at 2300 UTC on 5 December 2020, 0300 UTC on 18 December
2020, 0400 UTC on 24 December 2020 at 0.1, 0.3, 0.5 km height and 1800 UTC on 11 December
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2020, 1000 UTC on 28 December 2020, and 0500 UTC on 4 January 2021 at 0.5, 1.5 and 2.5 km
height are used in this paper.

3. Results and Discussion

In this section, the variations of major pollutants concentration and meteorological
conditions during the haze pollution are firstly investigated. The vertical distribution
of temperature and aerosol extinction coefficients during the haze pollution are then
presented. Finally, the formation process and regional pollution characteristics of haze
pollution are analyzed.

3.1. Overview of Winter Haze Pollution in Jinan

Figure 3 presents the hourly concentrations of PM, 5, PM;g, CO, NO;, SO, and O3 in
the Jinan area during the period from 1 December 2020 to 12 January 2021. According to the
latest air quality standards [38], 24 h average PM, 5 concentration over 75 pgm"o’ indicates
the existence of air pollution. 24 h average PM; 5 concentration greater than 75 ugm_3 less
than 115 pgm 3 for light pollution, 115 pg/m~2 to 150 pg/m~2 for moderate pollution,
115 pgm’?’ to 150 ugm’?’ for heavy pollution and greater than 250 ugm’3 indicates the
occurrence of serious pollution. Several haze pollution events occurred during this period.
As illustrated in Figure 3a, six haze pollution events can be seen based on the variation of
major pollutants concentrations. According to the variation of pollutant concentrations,
it can be noticed that there are two typical haze pollution events in the Jinan area. The
type and duration of haze pollution events are shown in Table 1. Pollution event 1, 3 and
4 (type 1) exhibited significant differences in duration and pollutant concentrations of
pollutants compared with event 2, 5 and 6 (type 2) (Figure 3a). The duration of type 1 haze
pollution is relatively short with PM, 5 below 115ugm ™3, which is light pollution. Type 2
haze pollution have a long duration and peak PM; 5 concentrations between 150 pgm =2 and
250 pgm =3, which is heavy pollution. It is noteworthy that during type 2 haze pollution,
the peak PMjg concentrations all exceeded 200 pgm 3 (Figure 3a). The concentrations of
gaseous pollutants such as CO, NO; and SO; increase significantly during both type 1
and type 2 haze pollution (Figure 3b,d). The trends in CO and NO, concentrations are
consistent with PMj 5, indicating a significant influence of local accumulation of urban
emissions on the formation of haze pollution (Figure 3b,c). This is consistent with the
results reported by Gao et al. [39] who indicated that elevated concentrations of aerosols
and their chemical constituents on haze days were associated with transport emissions
of perceived source pollutants around the study area. By investigating haze pollution
events with low visibility in the northern Indian city of Chandigarh, Ravindra et al. [40]
found a high correlation between high PM, 5 concentrations and CO and Noy during haze
pollution, indicating that the sources are mainly biomass burning, fossil fuel combustion,
and vehicle exhaust emissions. The concentration of O3 shows a significant daily variation,
with high midday concentrations and low nighttime concentrations, indicating significant
photochemical processes [41-43].
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Figure 3. (a—d) Concentrations of PM; 5, PM;g, SO,, CO, O3 and NO; in Jinan from 1 December 2020 to 12 January 2021.
Several serious haze pollution events are marked.

Table 1. Information of the haze pollution events in Jinan area.

Event Event Number Duration (LT) Max PIYI;-S

Type (ugm—3)
Event 1 01:00 5 December 2020-21:00 7 December 2020 111

Type 1 Event 3 18:00 17 December 2020-21:00 18 December 2020 103
Event 4 22:00 20 December 2020-00:00 25 December 2020 111
Event 2 20:00 9 December 2020-21:00 13 December 2020 198

Type 2 Event 5 03:00 26 December 2020-15:00 29 December 2020 217
Event 6 05:00 3 January 2021-11:00 5 January 2021 152

To investigate the effect of meteorological conditions on the variation of air quality,
the temperature, RH, WS, WD and pressure during the haze pollution event are analyzed
in Figure 4. The surface temperature during haze pollution was low, which was all below
10 °C (Figure 4a). As illustrated in Figure 4b, the RH is relatively high before the haze
pollution event, with local peaks greater than 80%. The trends of PM, 5 and RH are very
consistent, but there is a significant lag. This indicates that high RH can promote the
hygroscopic growth of aerosol particles. Yang et al. [44] also indicated that high RH would
promote the hygroscopic growth of aerosol particles and increase the water soluble of
SO, and NO,, resulting in the formation of secondary pollutants such as sulfate and
nitrates. The WS (Figure 4c) is below 4 m/s during the haze pollution events, except
during event 5, when the WS is greater than 6 m/s. It is also evident from Figure 4c that
the increase in WS is accompanied by a decrease in PM; 5 concentration during event 5.
It can be observed that strong winds can accelerate the diffusion of pollutants and thus
lead to the dissipation of haze pollution events. Gui et al. [45] indicated that low WS
and stable stratification lead to poor aerosol diffusion and provide favorable secondary
transformation conditions that ultimately lead to severe haze events. The atmospheric
state remains at a high-pressure system (1035 hPa) during the haze pollution event as
illustrated in Figure 4d. High pressure greatly restricts the flow of the atmosphere, leading
to persistent air pollution and contributing significantly to the formation of haze events. In
their study of the characteristics and formation mechanisms of continuous haze in China,
Yang et al. [46] found that a weak high-pressure system dominates during the haze period,
leading to low surface wind speeds and relatively stagnant weather, which is consistent
with our findings. Pachauri et al. [47] analyzed total suspended particulate (TSP), pollutant
gases and meteorological parameters collected from four severe pollution events in Agra.
They found that the high TSP concentrations and high pollutant gases concentrations may
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be attributed to increased combustion sources and stagnant meteorological conditions (low
mixing layer height, low temperature, and high RH).
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Figure 4. Variations of (a) PM; 5 and Temperature; (b) PM; 5 and RH; (¢) WD and WS; (d) PM; 5 and
pressure in Jinan from 1 December 2020 to 12 January 2021.

3.2. Vertical Characteristics during Haze Pollution

To better investigate the vertical characteristics of the atmosphere during haze pol-
lution, the vertical distributions of temperatures and aerosol extinction coefficients were
analyzed. Figure 5a,b show the temperature profiles for type 2 and type 1 haze pollution,
respectively. It indicates that there is a strong inversion layer during both type 1 and
type 2 haze pollution. The inversion layer height is below 0.3 km for all haze pollution
events except for event 5, where the inversion layer height is around 1 km. The above
findings suggest that the accumulation of pollutants is more favorable under continuous
inversion layer conditions. In a study of pollution in northern Chinese cities during the
dust season, Tao et al. [48] demonstrated that a continuous strong near-surface inversion
greatly increased PM; 5 concentrations.
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Figure 5. Vertical profiles of temperature in Jinan during the (a) type 2; (b) type 1 haze pollu-
tion events.

The vertical distributions of aerosol extinction coefficients during the haze pollution
event in Jinan area were analyzed by lidar observation, as shown in Figure 6. Figure 6a,b
illustrate the extinction coefficient profiles at event 2 and 5 during type 2 pollution. Due
to the lidar equipment was maintained from 1 January to 7 January 2021, the extinction
coefficients profile for event 6 are missing. Figure 6¢,e illustrate the extinction coefficient
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profiles at event 1, 3 and 4 during type 1 pollution. During the type 2 haze pollution
(Figure 6a,b), the aerosol layer observed by the lidar system is concentrated between
1-1.5 km and 0.3-0.6 km. The high aerosol extinction coefficient indicates an accumulation
of pollutants at both low and high altitudes. It indicates that type 2 haze pollution may be
due to a combination of external transport and local emissions. By contrast, the aerosol
layer of type 1 haze pollution gathers within 1 km. Moreover, the aerosol extinction
coefficient is relatively low, indicating that the air pollution was mainly affect by local
emissions the during the type 1 haze pollution (Figure 6¢,e). The pollutant concentrations
trended upward on 11 December 2020 and peaked at 06:00 (LT) on 11 December (Figure 6d)
during the haze pollution event 2. It trended downward on 12 December mainly due to
the decrease in RH and enhanced surface WS on 12 December resulting in the diffusion of
pollutants. The trend of other haze pollution events is consistent with event 2. Liu et al. [49]
also indicated that the high WS and low RH were conducive to spreading the pollutants.
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Figure 6. Vertical profile of aerosol extinction in Jinan during the haze pollution (a) event 2; (b) event 5;
(c) event 1; (d) event 3; (e) event 4.

3.3. Formation Process of Haze Pollution in Jinan Area

In this section, to investigate the causes of aerosol accumulation in different types
of haze pollution events, the aerosol sources in the period of different haze pollution
events were investigated using the HYSPLIT 24 h backward trajectory model, MODIS and
CALIPSO observations.

Figure 7a illustrates the HYSPLIT 24 h backward trajectory model (top), CALIPSO 532
nm total attenuated backscatter (middle) and aerosol subtype (bottom) images during haze
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pollution event 2. In Figure 7a (top), the red, blue and green lines represent the backscatter
trajectories at 0.5, 1.5 and 2.5 km height, respectively. The black line shows the CALIPSO
ground tracks. It can be seen in it that the air masses at 0.5 km altitude mainly come from
the surrounding province of Jinan, Henan province. The air masses at 1.5 km and 2.5 km
altitude mainly come from the long-distance transport in the northwest of Inner Mongolia
and Gansu province. Then, the CALIPSO measured the atmospheric profiles of long-range
transported air masses in Inner Mongolia (Figure 7a middle and bottom). The results
indicated that the pollution layer is thicker, up to 2-3 km. It also showed that the air mass
transport at 1.5 km and 2.5 km altitude in the HYSPLIT model is indeed contaminated.
The dust particles were concentrated at 2-5 km. The aerosol subtypes at this time are
mainly dust and polluted dust, accompanied by a small amount of smoke. Combined
with the analysis of backscatter trajectory, it can be concluded that there is basically no
dust pollution below 0.5 km, and there is long-range dust transport at 1.5 km and 2.5 km
altitude. In summary, the haze pollution event 2 in Jinan area is mainly a mixture of
long-range transported dust with locally emitted pollutants. Figure 7b illustrates that
long-range transport also exists for haze pollution event 5, but the type of pollutant cannot
be determined due to the non-overlapping CALIPSO trajectories and cloud cover occlusion.
Event 6 is consistent with event 2, with long-range transport of pollutants observed during
the period (Figure 7c). These results indicate the cause of type 2 haze pollution may be a
combination of long-range dust transport and local pollutant accumulation. Meanwhile, the
inversion layer is low (Figure 5a) and the RH is high (Figure 4b) during the occurrence of
type 2 haze pollution, which is conducive to the accumulation of pollutants and intensifies
the formation of haze pollution. Liu et al. [19] indicated that long-distance transport of
dust and local anthropogenic pollutant emissions promote the accumulation of pollutants,
leading to the persistence of haze pollution. Similarly, Fu et al. [50] indicated that high-
altitude air masses from Inner Mongolia have a significant influence on the formation of
persistent haze complex pollution. The transport of external pollutants and the generation
of anthropogenic pollutants promote the accumulation of pollutants. The aforementioned
studies are consistent with our observation that the long-range transport of dust has a
significant impact on type 2 haze pollution. In addition, the smoke was found to be
included in the transported pollutants, suggesting that it may also be related to local
heating emissions.

Since the aerosol layers of type 1 haze pollution are all clustered around 0.5 km
(Figure 6¢,e), the backscattering trajectories at 0.1, 0.3, and 0.5 km heights during type
1 haze pollution were analyzed and represented in red, blue and green, respectively, as
shown in Figure 8 (top). Figure 8a illustrates the 24-h backward trajectory model (top),
CALIPSO 532 nm total attenuated backscatter (middle) and aerosol subtype (bottom)
images during haze pollution event 1. It can be seen in Figure 8a that the air masses below
0.5 km are mainly from cities and provinces around Jinan, and there is basically no long-
range transmission. Since cities and provinces around Jinan are centrally heated in winter,
which may lead to a large amount of pollutant emissions. Meanwhile, CALIPSO measured
the atmospheric profiles of Shijiazhuang, Zhengzhou and Beijing near the haze pollution
event 1 (Figure 8a middle and bottom). Combined with the HYSPLIT backward trajectory
model and CALIPSO observations, it can be obtained that the main aerosol subtypes in the
vicinity of the haze pollutant event 1 transport air mass are polluted continents and dust
below 0.5 km. This indicates that event 1 haze pollution is mainly caused by winter heating
pollutant emissions and the accumulation of other anthropogenic pollutants from Jinan
and around cities. Figure 8b illustrates that the pollutant sources during the occurrence of
event 3 are also mainly transported from cities around Jinan, but the pollutant types could
not be determined due to the non-overlapping CALIPSO trajectories and cloud obscuration.
Event 4 is similar to event 1, where close transport of pollutants and pollutant types such
as smoke are observed below 0.5 km (Figure 8c). Hence, combined with the above analysis,
it can be concluded that the accumulation of local pollutant emissions and pollutants
transported from around cities lead to type 1 haze pollution. It mainly due to the presence
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of the inversion layer (Figure 5b) and factors such as low ground WS (Figure 4c) and high
pressure (Figure 4d). The accumulation of pollutants is caused by the aforementioned
weather conditions that are not conducive to the dispersion of pollutants [22]. Qi et al. [51]
indicated that the main causes of continuous pollution events in East China due to biomass
burning are related to the transport of pollutants, local pollution emissions and weather
stagnation. Zhao et al. [52] also indicated that burning biomass and coal emissions in
autumn and winter had a significant effect on the aerosol extinction coefficient. Similarly,
Wang et al. [53] in their study of the contribution of dust and anthropogenic sources to
aerosols in northern China showed that bottom layer anthropogenic aerosols accounted for
more than 80% in winter. Moreover, Wang et al. [53] indicated that aerosols have a vertical
stratification feature, with mainly dust plus anthropogenic aerosols above the PBL and
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Figure 7. (a—c) HYSPLIT 24 h backward trajectories during type 2 haze pollution events (top), CALIPSO 532 nm total
attenuated backscatter (middle) and aerosol subtype (bottom) during Type 2 haze pollution events.
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Figure 8. (a—c) HYSPLIT 24-h backward trajectories during type 1 haze pollution events (top), CALIPSO 532 nm total
attenuated backscatter (middle) and aerosol subtype (bottom) during Type 1 haze pollution events.

Figure 9 shows the regional pollution characteristics during the type 2 and type 1
haze pollution period based on the MODIS 10 km deep-blue aerosol optical depth (AOD)
product at 550 nm. The black squares represent the Jinan area. AOD values for the Jinan
area were not provided on 28 December 2020 (event 5) due to cloud occlusion. Figure 9
indicates that the AOD values in Jinan and its surrounding areas are at high levels during
type 2 haze pollution, and even exceed 2 in some areas of Jinan. It indicates the strong
extinction ability of aerosols during type 2 haze pollution, which reflects the severity
of regional pollution [54]. Although the AOD during type 1 haze pollution is smaller
than during type 2 haze pollution, it is still at a high level, which indicates significant
near-surface pollution [55]. Meanwhile, the AOD around Jinan is at a high level when
there is a haze pollution event in the Jinan area. It indicates that local pollution is often
accompanied by regional pollution. Tao et al. [12] indicated that the local pollution is
usually accompanied by large-scale regional pollution.
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Figure 9. MODIS 10 km deep blue AOD at 550 nm in Jinan during the haze pollution (a) event2; (b) event 5; (c) event 6;
(d) event 1; (e) event 3; (f) event 4.

In general, combined with the above observations, two types of haze pollution forma-
tion in Jinan are analyzed. Type 1 haze pollution is mainly due to local transport and local
emissions. At the same time, unfavorable meteorological conditions, such as low inversion
layer, low ground WS and high pressure, lead to poor atmospheric dispersion conditions.
Under such weather conditions, anthropogenic pollutants, motor vehicle exhaust, indus-
trial dust and atmospheric fallout tend to accumulate, causing continuous haze pollution.
Furthermore, Cheng et al. [56] indicated that the water-soluble inorganic ions (WSIIs) were
the dominant chemical species during the haze pollution events. The high oxidation rate
of NO; and SO, would generate sulfate and nitrate aerosols [57]. As illustrated in Figure 3,
the levels of both NO, (Figure 3c) and SO, (Figure 3d) increase to varying degrees, leading
to an increase in nitrate and sulfate aerosol levels during this period and accelerating the
formation of hazy weather. Meanwhile, more secondary species (SOi_, NO;, NH}) in
particles were generated during haze pollution events [39,46]. Pachauri et al. [47] indicated
that SOZ* and NO;" were the most abundant ions during the haze pollution period in Agra.
They also indicated that the nitrate and sulfate increase due to stagnant weather conditions,
further aggravating the formation and development of haze pollution events. By contrast,
the type 2 haze pollution is mainly due to the combination of long-range transport of
pollutants and local emissions. High-altitude air masses carrying dust, mixed with locally
emitted pollutants, intensify the formation of haze pollution. Meanwhile the presence of
low inversion layer leads to weather stagnation and higher RH promotes the hygroscopic
growth of aerosol particles. The above weather conditions favor the accumulation of
long-range transport and local emitted pollutants in the atmosphere, which eventually lead
to the formation of type 2 pollution.

4. Conclusions

In this study, the formation process of haze events and the aerosol optical properties
during the pollution period in the Jinan area of China in winter were analyzed by combining
ground and satellite observations.

Two typical types of haze pollution were found in the Jinan area according to their
duration, pollutant sources, and formation processes. The PM; 5 concentration is greater
than 75 pgm 2 and less than 115 pgm~3 with a short duration during type 1 haze pol-
lution. By contrast, type 2 haze pollution events have a long duration and peak PM; 5
concentrations between 150 pgm 3 and 250 pgm 3, which is heavy pollution. Type 1 haze
pollution in Jinan area is mainly caused by the accumulation of local pollutant emissions
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and pollutants transported from around cities in winter. Moreover, type 2 haze pollution
is mainly a mixture of long-range transported dust with locally emitted pollutants. Near-
surface air masses mainly come from cities around Jinan, such as Zhengzhou, Shijiazhuang
and Beijing, which are heated in winter. The high-altitude air masses mainly come from
dust-rich areas such as Inner Mongolia and Gansu. The stable inversion layer, continuous
cold high-pressure system, high relative humidity, and low wind speed are the key meteo-
rological factors affecting the formation of both types of haze pollution events. In addition,
stagnant weather conditions led to an increase in nitrates and sulfates, further contributing
to the formation and development of both types of haze pollution events. The trends of CO
and NO; concentrations are consistent with PMj 5 concentrations, and there are significant
photochemical processes during haze pollution. The AOD in Jinan and surrounding areas
is maintained at a high level during the haze pollution events. It indicates that the aerosol
extinction ability is strong and local pollution is often accompanied by regional pollution
during haze pollution events.

This study reveals the formation process of haze pollution and promotes the study of
regional climate change, which can provide guidance to the government in the prevention
and control of haze pollution in East China.
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