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Located in East Asia, the North China Plain (NCP) has a severe air pollution problem. In this
study, variations in visibility, particulate matter (PM), gaseous pollutants, vertical
meteorological parameters, and different types of aerosols and their optical properties
were evaluated during an air pollution episode that occurred from 10 to 15 January 2019 in
Tianjin over the NCP. The visibility was <10 km for approximately 96 h, and the
concentrations of PM with an aerodynamic diameter of <2.5 μm (PM2.5) and <10 μm
(PM10) increased to 300 and 400 μg/m3, respectively. Because of the conversion of SO2 to
sulphate aerosol particles, the sulphur dioxide (SO2) concentration decreased to a
minimum of 10 μg/m3. The continual deterioration of visibility was related to the high
relative humidity and the boundary layer of <0.1 km. The southwest airflow (3.0–4.0 m/s)
transported various pollutants from Hebei Province to the NCP. Higher mixing ratios of
sulphate aerosols, organic aerosols, and black carbon aerosols were distributed over a
0.5-km-diameter area, and the maximum concentrations were approximately 90,
250–300, and 20 μg/kg, respectively. Higher mixing ratios of dust aerosols and sea
salt aerosols were distributed within 1.5 km and 1.0–2.5 km, respectively, and their
maximum concentrations were approximately 15 and 9 μg/kg, respectively. The findings
are valuable for analysing the relationship between air quality and pollutant transport in
the NCP.
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INTRODUCTION

Aerosols can directly alter the energy balance of the earth–atmosphere system by absorbing and
scattering solar radiation (Ackerman and Toon, 1981; Charlson et al., 1992; Hansen et al., 1997).
Aerosols can facilitate the formation of cloud condensation nuclei, thereby causing changes in global
and regional climates (Twomey et al., 1984; Hansen et al., 2000). Studies have investigated the
environmental effects of aerosols, focusing on the problem of global climate change (Dubovik et al.,
2002; Eck et al., 2005; Che et al., 2019; Gui et al., 2021a; Gui et al., 2021b).
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In the past decade, PM2.5 has become the main pollutant in the
urban areas of China during haze events because of the rapid
development of the economy, the expansion of urbanisation, and
the acceleration of energy consumption (Che et al., 2009; Zhang
et al., 2009; Wang et al., 2014). The regional degradation of
visibility in urban agglomerations in China characterised by
intensive anthropogenic activities has garnered widespread
public attention (Che et al., 2007; Chang et al., 2009; Zhang
et al., 2012). The Beijing–Tianjin–Hebei (BTH) region is the
political and cultural centre of China and a crucial economic zone
in northern China. In recent years, severe pollution caused by
PM2.5 in the BTH region has resulted in considerable public
concern (Jin et al., 2016; Shen et al., 2019). Extreme haze episodes
occur more frequently in the BTH region; moreover, several cities
with poor air quality are located in this region (Che et al., 2014;
Che et al., 2015). Studies have examined fine PM pollution in the
BTH region because of its negative socioeconomic impacts (Gao
et al., 2015; Zheng et al., 2015; Chen et al., 2017). During heavy
pollution episodes, intercity transport is a crucial contributor to
PM2.5 pollution in this region (Hua et al., 2016; Chang et al.,
2018). Studies have conducted model simulations to estimate the
contributions of different source regions (Zhang et al., 2013; Sun
et al., 2016; Zou et al., 2018). In addition to regional transport,
local atmospheric circulation substantially contributes to high
PM2.5 pollution in the BTH region (Miao et al., 2015; Miao et al.,
2017). Therefore, air pollution in the BTH region is mainly
affected by local pollutant emission, specific regional
topography, and regional pollutant transport.

Tianjin is the largest coastal city in the North China Plain
(NCP; 117.2°E, 39.13°N). This city is the central functional area of
the BTH region in China’s Capital Economic Circle and a vital
central city in the Bohai Economic Circle in northern China.
Continuous increases in anthropogenic activities as well as
vehicle exhaust and coal combustion are key factors of
pollutant emissions in this region (Wu et al., 2015; Zhao et al.,
2019). In addition, seasonal biomass burning substantially
contributes to PM2.5 pollution in Tianjin, thus affecting
regional air quality (Andreae and Merlet, 2001; Yang et al.,
2006; Chen et al., 2015). Tianjin Port, one of the world’s
largest container ports, is affected by pollutant emissions from
ships. Furthermore, mesoscale atmospheric circulation
considerably contributes to air pollution in coastal areas
(Corbett et al., 2007; Dore et al., 2007; Yau et al., 2012).

Most studies on pollution events in Tianjin have focused on
particle concentration evolution, chemical composition, and
regional transport (Bai et al., 2021; Lang et al., 2021; Li et al.,
2021). Very few studies have examined the vertical mixing ratios
of different types of aerosols. Thus, we synchronously observed
near-surface and boundary-layer meteorological factors and
aerosols in the vertical direction to examine mechanisms
through which aerosols with different chemical compositions
affect regional air quality, thus causing severe pollution. The
findings provide insights into the mechanisms of regional severe
air pollution. We investigated a pollution event characterised by
high PM2.5 concentrations in the coastal city of Tianjin that
occurred from 10 to 15 January 2019. Temporal variations in the
concentrations of PM and gaseous pollutants as well as

meteorological parameters, namely relative humidity (RH),
temperature, wind speed (WS), and wind direction (WD),
both near the surface and in the vertical direction, were
examined. Moreover, potential sources contributing to PM2.5

emission during the sampling period were determined using
the weighted potential source contribution function (WPSCF)/
weighted concentration weighted trajectory (WCWT) model. In
addition, we determined the effects of different types of aerosols
and their contribution to aerosol extinction during the event.
Multiple data sources were employed. The results may be used to
formulate strategies for the prevention and control of local and
regional air pollution in coastal areas during pollution events.

The remainder of the paper is organised as follows. Section 2
describes the study site and introduces the data used to analyse
the temporal and vertical characteristics of pollution evolution. In
Section 3, variations in pollutant concentrations, surface and
vertical meteorological parameters, and potential PM2.5 sources
during the event were examined. Moreover, the spatial
distributions of aerosol optical properties are discussed
according to the aerosol type and their effects on aerosol
extinction during the episode. Finally, conclusions are drawn
in Section 4.

STUDY SITE AND DATA COLLECTION

Tianjin is a large port city in China with a thriving chemical
industry. The combined effects of local accumulation, regional
transport, and secondary aerosol formation have resulted in
severe atmospheric pollution in this region (Han et al., 2014).
As shown in Figure 1, Tianjin is located east of the Bohai Sea.
Local circulation, such as sea–land breeze, affects air quality
under stable weather conditions. Under the effect of sea–land
breeze circulation, the dispersion of pollutants to distant locations
is inhibited, leading to pollutant accumulation (Han et al., 2015;
Han et al., 2018). During severe pollution events, a convergence
flow field appears in Tianjin and its surrounding areas, leading to
high local pollution levels.

Data collected from six meteorological stations in Tianjin,
comprising the hourly mass concentrations of four crucial
particles and gaseous pollutants, namely PM2.5 (PM with an
aerodynamic diameter of ≤2.5 μm), PM10 (PM with an
aerodynamic diameter of ≤10 μm), SO2, and NO2, were obtained
from the website of the China National Environmental Monitoring
Centre (http://www.cnemc.cn). Furthermore, PM2.5 data collected
nationwide over the study period were used to present the
spatiotemporal evolution of PM2.5 in northern China. The time
series analysis of the pollutants (Figure 2) is based on the average of
data collected from the six stations.

Data on hourly horizontal visibility, temperature, WS, WD,
pressure, and RH at the surface was obtained from the Tianjin
meteorological station (No. 54527, 39.0819°N, 117.0533°E; 3.3 m
above sea level). This information is stored in the database of the
National Meteorological Information Centre of the China
Meteorological Administration (http://data.cma.cn/site/index.html).

Using TrajStat software (http://www.meteothink.org/
products/trajstat.html), 72-h back trajectories corresponding to
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FIGURE 1 | Study site and its surrounding area in the NCP; the red star represents Tianjin.

FIGURE 2 | Time series variations in visibility, PM, gaseous pollutants, PBL height, and meteorology parameters from 10 to 15 January 2019 in Tianjin.
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the period from 11 to 14 January 2019 (with 6-h intervals) were
calculated and clustered by a starting height of 500 m. Two weight
function models, namely the WPSCF and WCWT, were used to
investigate the spatial distribution of potential PM2.5 sources for
prevailing transport trajectories (Wang et al., 2006; Wang et al.,
2009).

Potential source contribution function (PSCF) and
concentration weighted trajectory (CWT) analyses of the study
area (33.5°N–56.0°N, 85.0°E–117.5°E) were performed. A
horizontal resolution grid of 0.5° × 0.5° was applied. To
calculate the WPSCF and WCWT, global data assimilation
system data with a resolution of 1° × 1° were used.

PSCF was analysed to calculate the probability that a source at
latitude i and longitude j. The endpoints of the trajectory segment
in each cell were obtained according to the results obtained by
TrajStat and used to calculate the PSCF value of the grid cell. The
following equation was employed:

PSCFij � mij/nij (1)
where nij is the total number of endpoints present in a cell (i, j)
andmij is the number of sources with concentrations higher than
the threshold criterion when trajectories pass through the cell
(i,j). According to China’s national ambient air quality standard
(GB3095-2012: http://kjs.mep.gov.cn/hjbhbz/bzwb/dqhjbh/
dqhjzlbz/201203/t20120302_224165.htm), the criterion value of
a PM2.5 source was set to 75 μg m−3.

The weight function Wij was multiplied by the PSCF value to
reduce the effect of the smaller nij. The equation used was as
follows:

WPSCF � Wij × PSCF (2)

Wij �
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

1.00, 3< nij
0.70, 2< nij ≤ 3
0.42, 1< nij ≤ 2
0.17, nij ≤ 1

(3)

The CWT analysis was performed to localize the major
sources of PM2.5. The Cij value was multiplied by the same
weight function Wij as the PSCF to minimize the uncertainty of
the CWT value.

The equation used was as follows:

Cij � ∑M
k�1Ck × τijk

∑M
i�kτijk

× W(i, j) (4)

whereCij is the weighted average concentration in a grid cell (i, j),
Ck is the measured concentration at the sampling site during the
residence time k, and τijk is the residence time of the back
trajectories corresponding to k in a grid cell (i, j).

To analyse variations in weather conditions during pollution
episodes, two-dimensional data (horizontal 10-m wind field
[WF]) and planetary boundary layer [PBL] height) and three-
dimensional data (vertical WF, vertical RH, and vertical
temperature) were obtained from the European Centre for
Medium-Range Weather Forecasts Reanalysis v5 (ERA5), data
from which have a resolution of 0.25 ° × 0.25 °. The time–height
distributions of RH, temperature, and WF for Tianjin (Figure 3)

were obtained by interpolating the three-dimensional
meteorological data in the ERA5 to those collected by the station.

To examine regional aerosol extinction during the pollution
episode, the spatial distributions of total aerosol optical depth
(AOD) and different types of AOD (SO4AOD, DUAOD,
OMAOD, BCAOD, and SSAOD), as well as the mixing ratios
of sulphate aerosol, dust aerosol, organic matter aerosol, black
carbon aerosol, and sea salt aerosol, were obtained from the
Copernicus Atmosphere Monitoring Service Reanalysis (https://
ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-
reanalysis-eac4?tab=overview) (Inness et al., 2019). The data have
a resolution of 0.75° × 0.75°.

RESULTS AND DISCUSSION

Temporal Variations in Visibility, PM, and
Gaseous Pollutants
Temporal variations in visibility, PM2.5, PM10, and gaseous
pollutant concentrations during a severe pollution episode that
occurred from 10 to 15 January 2019 in Tianjin are presented in
Figure 2.

During this pollution event, visibility deteriorated
significantly, dropping below 5 km and lasting for
approximately 96 h. In the early stage of the pollution episode,
visibility was approximately 10 km at 0000 China Standard Time
(CST) on 10 January; subsequently, visibility continued to
decline, falling to under 5 km on 11 January. Notably, on 12
January, with the intensification of pollution, visibility was <1 km
and accompanied by poor air quality. At 1700 CST on 14 January,
air quality improved and visibility significantly increased to
approximately 30 km until 15 January at the end of the pollution.

At the start of the pollution event, on 10 January, the PM2.5

concentration was approximately 50 μg/m3. With the further
evolution of pollution, the PM2.5 concentration increased to
approximately 200 μg/m3 at 0000 CST on 11 January, reaching
approximately 250 μg/m3 on 12 January. On 13 January, with the
continuous accumulation of pollutants, the PM2.5 concentration
increased to 300 μg/m3. From night-time on 14 January to early
morning on 15 January, the PM2.5 concentration decreased
substantially to approximately 20 μg/m3. Compared with the
influence of fine mode particles, the significant increase of
PM10 mass concentration also reflects the important
contribution of coarse particles to aerosol pollution in Tianjin.
With the further exacerbation in pollution, the PM10 mass
concentration increased to approximately 250 μg/m3 at 0000
CST on 11 January, reaching approximately 300 μg/m3 on 12
January. The PM10 mass concentration remained at the
maximum of approximately 400 μg/m3 on 13 and 14 January.
This result reveals the strong effect of the substantial increase in
coarse particle emission sources on air quality in Tianjin during
this period. This phenomenon corresponded to the dust
contribution, which will be discussed in Section 3.5. On 15
January, after the end of the pollution event, the PM10

concentration significantly decreased to approximately 20 μg/m3.
Variations in the concentrations of SO2 and NO2, during the

pollution event are displayed in Figure 2. In contrast to changes
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in the PM mass concentration (which significantly increased
during the pollution event), the SO2 concentration exhibited a
declining trend. The highest concentration of SO2 (~30 μg/m3)
was observed in the early stage of pollution on 10 January. With
the further evolution of pollution, the SO2 concentration
gradually decreased to approximately 20 μg/m3 on 11 January.
When visibility was less than 5 km on 12 and 13 January, the SO2

concentration was at its lowest point of approximately 10 μg/m3.
With the increase in visibility and improvement in air quality, the
maximum SO2 concentration increased to approximately 20 μg/
m3 on 14 January. On 15 January, air quality improved further,
and the SO2 concentration remained low at <10 μg/m3 as the
pollutants diffused. The variation in the SO2 concentration
during the pollution event indicated the contribution of SO2

to the transformation and generation of sulphate aerosol. The
accumulation of sulphate aerosols was one of the main factors
affecting the formation and transformation of pollutants and is
discussed in Section 3.5. Therefore, the effects of the emission and

concentration of SO2 on air quality during air pollution should be
investigated.

In contrast to the low SO2 concentration observed during
the pollution event, the NO2 concentration remained at a
certain level. The average NO2 concentration was
approximately 30 μg/m3 from 10 to 14 January. The
maximum daily NO2 concentration was observed in the
evening, between 1900 and 2100 CST. During this period,
motor vehicle emissions increased substantially, and the NO2

concentration increased to 40–50 μg/m3. On 15 January, the
NO2 concentration dropped below 10 μg/m3. This finding
indicates that the NO2 concentration was related to fossil
fuel emissions from traffic sources (Dai et al., 2021). The
results demonstrate that the main emission sources of
gaseous pollutants in the NCP, including the energy,
industry, transportation, residential, and port sectors, could
contribute to specific aerosol concentrations in pollution
events and affect air quality. NO2 from vehicle exhaust and

FIGURE 3 | Time–height distribution of (A) RH, (B) temperature, and (C) WF from 10 to 15 January 2019 in Tianjin.
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SO2 from fuel combustion can lead to an increase in the PM2.5

concentration through precursor conversion.

Temporal Variations in Surface and Vertical
Meteorological Parameters
Temporal variations in WS, temperature, RH, pressure, and PBL
height during the study period (Figure 2) were evaluated to
investigate the effects of meteorological conditions on air quality.

The PM2.5 mass concentration increased to 200–250 μg/m3 in
the early morning of 11 and 12 January, and the average WS
decreased to 1–2 m/s. Subsequently, the southwest airflow
strengthened, and the pollutant concentration increased. The
PM2.5 mass concentration increased to approximately 300 μg/
m3 from the afternoon of 13 January to the morning of 14
January. On 14 and 15 January, the airflow from the
northwestern and northeastern directions increased
significantly, and the hourly WS was 8–10 m/s, contributing
to aerosol dispersion and improved air quality. When pollution
was at its most severe on 11 and 12 January, with the continuous
deterioration of visibility, RH increased to approximately 90%. At
the end of the pollution event, RH decreased to 30%–40%. The
results reveal that the hygroscopic growth of aerosols under high
RH significantly reduced visibility over the pollution episode.
Temperatures increased as the pollution worsened; they were
significantly higher on 13 January than on 12 January, with the
highest temperature being 5°C. With the gradual reduction in the
pollutant concentration, the average temperature began a
reduction to approximately 0°C. The atmospheric boundary
layer exhibited a significant diurnal fluctuation during the
pollution process. With the further exacerbation of pollution,
the nighttime and daytime height of the boundary layer was
<0.1 km and approximately 0.7 km, respectively. On 15 January,
with further improvements in visibility and air quality, the height
of the boundary layer increased to 1.0–1.2 km.With the reduction
in visibility, air pressure decreased to 1,022 hPa at 0800 CST on 11
January. At the end of the episode, air pressure increased to
1,042 hPa. These results indicate a positive correlation between
visibility and air pressure. The low atmospheric pressure
condition inhibited the upward dispersion of pollutants,
leading to the accumulation of atmospheric pollutants near the
surface, thus resulting in poor visibility.

We analysed vertical variations in meteorological parameters,
namely RH, temperature, WS, and WD, at different heights
during the pollution event (Figure 3). During the severe
pollution period from 11 to 12 January, near-surface RH
increased to approximately 50%–60%. With the further
evolution of pollution, near-surface RH ranged between 70%
and 80% on 13 January, and upper-atmosphere RH was close to
90%. At the end of the pollution event, on 14 January, near-
surface RH decreased to approximately 20%, whereas near-
surface RH was approximately 90% and distributed over
approximate altitudes of 8–10 km. These results indicate that
the pollution event was affected by the vertical distribution of RH.
RH is a key factor that facilitates the transformation of SO2 and
NO2 into sulphate and nitrate aerosols, respectively, through
chemical reactions (Khoder 2002; Su et al., 2011). The

temperature at an altitude of approximately 3 km was
approximately 265 K from 9 to 13 January. On 14 January, the
temperature dropped significantly to 255 K. The variation in the
temperature distribution during the pollution period indicated
that the combination of high temperature and RH is beneficial to
the formation of secondary aerosols that exacerbate the level of
aerosol pollution. The distribution of WF at different heights
during the pollution process demonstrated that WS was low near
the surface and that this altitude (0–2 km) was dominated by
westerly airflow. With the evolution of pollution, airflow in the
upper atmosphere exhibited a downward movement (~0.3 Pa/s),
and airflow near the surface presented a weak downdraft of
approximately 0.2 Pa/s on 11 January. As pollutant
accumulation intensified on 12 January, a descending airflow
was observed near the surface, with a positive rate of 0.3–0.4 Pa/s.
In particular, a strong downdraft (0.5 Pa/s) appeared at an
altitude of 2–6 km in the upper atmosphere. Pollutants were
transported to the ground with the downdraft; this phenomenon
increased the local pollutant concentration. On 13 January, the
near-surface and upper-atmosphere flows were stable at
approximately 0 Pa/s, leading to the accumulation of
pollutants. At the end of the pollution event, the rapidly
sinking northwest airflow, the speed of which was
approximately 0.5 Pa/s, facilitated pollutant dispersion.

Spatial Distribution of Daily Averages of
PM2.5, WF, and PBL
Figure 4 depicts the spatial distribution of daily averages of PM2.5

and WF as well as PBL.
On 10 January, the PM2.5 mass concentration in Tianjin was

approximately 100 μg/m3. The highest concentration of PM2.5

(approximately 190 μg/m3) was observed in the southwest of
Tianjin in Hebei Province. At that time, a southwest airflow, the
speed of which was approximately 2.0 m/s, facilitated to the
transport of pollutants to Tianjin. On 11 January, the spatial
distribution of air pollutants in Tianjin and the southwest region
intensified, and the PM2.5 concentration in Tianjin and its
surrounding areas increased to 200 μg/m3. Moreover, the WF
at 10 m, which was 1.0 m/s, was conducive to the initial
accumulation of pollutants in Tianjin. During the severe
pollution period on 12 January, the WF at 10 m indicated that
the prevailing southwest airflow (3.0–4.0 m/s) transported
various pollutants from Hebei Province to the NCP. Under
the effect of the westerly airflow, a pollution belt characterised
by the southwest–northeast transport of aerosols was formed.
The centre of the high PM2.5 mass concentration (approximately
300 μg/m3) was observed in Baoding, Hebei Province. The daily
average of the PM2.5 concentration in Tianjin was approximately
250 μg/m3 at that time.With an increase in westerlyWS (~2 m/s),
pollutants were transported to the eastern coast. The daily average
of the PM2.5 mass concentration in Tianjin remained high at
nearly 200 μg/m3 on 13 January. On 14 January, with the gradual
strengthening of the northwest wind (4–5 m/s), pollution
continued to spread to eastern China. At that time, the daily
average of the PM2.5 concentration in Tianjin was relatively low
(approximately 190 μg/m3). Under the control of a strong
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FIGURE 4 | Spatial distribution of daily PM2.5 mass concentration and WF at 10 m from 10 to 15 January 2019 in Tianjin shown in (A–F).

FIGURE 5 | Spatial distribution of daily PBL height from 10 to 15 January 2019 in Tianjin shown in (A–F).
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northwest airflow (4–5 m/s), pollutants were dispersed from
Tianjin on 15 January. The daily average of the PM2.5

concentration in Tianjin decreased to 30–50 μg/m3. These
results indicate that the WF plays a crucial role in the
transport and dispersion of pollutants, including the spatial
distribution of PM2.5.

Considering the effect of the variation in the atmospheric
boundary layer on air pollution, we examined the spatial variation
in PBL during the pollution event.

As shown in Figure 5, the daily PBL height was approximately
200m from 10 to 13 January. On 14 January, under the effect of the
northwest airflow, the height of the atmospheric boundary layer in
Tianjin significantly increased in the northwest direction, peaking at
approximately 1,000m. The average daily height of PBL in Tianjin
increased to approximately 600m on 14 January; this phenomenon
was conducive to the dispersion of pollutants. Subsequently, the
height of the boundary layer over the study area, centred in Tianjin,
increased to approximately 600m on 15 January.

FIGURE 6 | Back trajectories for a 72-h period from 10 to 15 January 2019 in Tianjin, expressed as the total number of trajectory endpoints in each 0.5 × 0.5
grid box.

FIGURE 7 | PM2.5 data obtained using the (A) WPSCF and (B) WCWT model for 10 to 15 January 2019 in Tianjin.
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We used 72-h back trajectories to investigate main potential
sources during the pollution event. Moreover, the WPSCF and
WCWT models were used to quantitatively analyse the local and
regional contributions of pollutants (Figure 6 and Figure 7).

The trajectories of air pollutants in Tianjin on 11 to 14 January
were analysed. The major trajectories mainly originated from two
directions during the pollution process. One was the northwest
direction, with a long, fast-moving transport pattern at a high
altitude of 3–4 km; the other was the southwest direction, with a
short, slow-moving transport pattern at a low altitude of <400 m.
The WPSCF value of >0.9 indicated that the most likely source
areas for PM2.5 pollution were Hebei Province, southwest of
Tianjin, and most of the Shijiazhuang–Baoding area. A
WCWT concentration of >200 μg/m3 was observed in the
southwest of Tianjin, indicating that Hebei Province was the
main source region for PM2.5 pollution in Tianjin during this
pollution event.

Spatial Distribution of Daily AOD and AOD
by Aerosol Type
The spatial distributions of total AOD and AOD by the aerosol
type in the NCP during the pollution event are shown in Figure 8
and Figure 9. The characteristics of aerosol extinction during the
pollution event varied significantly.

On 10 January, the total AOD in Tianjin was 0.6–0.8, which is
lower than that in the southwest region (~1.2). This result
indicated that the main source of pollution in Tianjin was
Hebei Province, which located in the southwest. On 11

January, the total AOD in Tianjin increased to exceed 1.0, and
as aerosol extinction spread from the surrounding areas of Hebei
Province to the Shandong Peninsula, the AOD increased to 2.0.
With the further exacerbation of pollution, aerosol extinction
significantly increased in Tianjin, and the AOD increased to
approximately 1.5 on 12 January. At that time, the pollution zone
expanded to the eastern coastal area, and the AOD exceeded 2.0.
With the further evolution of pollution, aerosol extinction in
Tianjin weakened, and the total AOD dropped below 0.5 on 13
January. The relatively high near-surface PM concentration of
approximately 300 μg/m3 indicated that aerosol pollution exerted
a stronger effect at ground level. At that time, the total AOD in
Hebei Province decreased to approximately 1.0, and severe
pollution, as reflected by an AOD of >2.0, was observed in
eastern China. With the eastward transport of pollutants, the
AOD in Hebei Province, the source of pollution in the southwest
of Tianjin, decreased to approximately 0.8 on 14 January.

We further discuss the contribution of different types of aerosols
to aerosol extinction during the pollution event (Figure 9). On 10
January, the spatial distribution of SO4AOD in Tianjin was
approximately 0.2, and the SO4AOD in the pollution source area
in the southwest was approximately 0.5. On 11 January, the
SO4AOD in Tianjin increased to approximately 0.5, and aerosol
extinction in the surrounding area of Shijiazhuang, Hebei Province
increased to 0.8. As pollution worsened, aerosol extinction increased
significantly in Tianjin, and SO4AOD increased to approximately
0.6 on 12 January. On the same day, SO4AODwas high—more than
0.8—in the entire southwest–northeast line and the Bohai Sea.
Sulphate aerosols are mainly emitted through anthropogenic

FIGURE 8 | Spatial distribution of daily AOD from 10 to 15 January 2019 in Tianjin shown in (A–F).
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activities conducted near ground level (Dai et al., 2021). Thus, the
extinction of sulphate aerosols in the entire column decreased,
whereas the near-surface PM concentration remained high. The
SO4AOD distribution was higher on the east coast and in northeast
plains. In the heavily polluted area, it was approximately 0.7. The
distribution of SO4AOD (<0.1) was larger in the southwest of
Tianjin. These results reveal the considerable effect of sulphate
aerosol transport on the spatial distribution of aerosol extinction.
According to the spatial distribution of DUAOD, dust particles from
the northeast areas of Tianjin were found on 13 and 14 January. The
effect of DUAOD on aerosol extinction was approximately 0.04
observed on 13 January, and the dust pollution zone spread to the
east on 14 January. Changes in OMAOD showed a similar variation
and spatial distribution as did SO4AOD during the pollution event.
On 10 January, the highest OMAOD was approximately 0.3 in
Tianjin. A higher OMAOD (~0.6) was observed in the southwest
area of Tianjin during that period. On 11 January, OMAOD in
Tianjin and the surrounding regions increased substantially to 0.9
with increased aerosol extinction. As pollution worsened, OMAOD
remained constant at 0.9 on 12 January in Tianjin. On the same day,
high OMAOD was noted in the entire BTH region, eastern coastal
areas, and the Bohai Sea, with an OMAOD of >0.9. Because coal
burning, vehicle exhaust, and biomass combustion are the main
emission sources of OC, pollutants were concentrated near ground
level, resulting in a high PM concentration (Pang et al., 2020);
however, the extinction of organic carbon aerosols in the entire

column was weakened. This phenomenon indicated the significant
contribution of organic aerosols to the extinction of organic aerosols
in the NCP that was related to the emission source. During the early
stage of pollution, on 10 January, the highest in Tianjin in BCAOD
(~0.05) was observed. The maximum BCAOD (~0.07) was detected
in the surrounding regions in the southwest. On 11 January, the
BCAOD in Tianjin increased to approximately 0.07, and aerosol
extinction in the surrounding areas of Hebei Province increased to
0.1. With the further evolution of pollution, aerosol extinction in
Tianjin significantly increased, and the BCAOD reached
approximately 0.1 on 12 January. At that time, high BCAOD
(>0.1) was observed in the entire southwest–northeast line and
the Bohai Sea. This observation indicates the contribution of black
carbon aerosols to atmosphere extinction in the column. Moreover,
the contribution of SSAOD to aerosol extinction in Tianjin during
the pollution process was nonsignificant, and the SSAOD remained
at approximately 0.002.

Time–Height Evolution of Different Types of
Aerosols
Figure 10 displays the time–height vertical structural evolution of
different types of aerosols during the pollution episode.

At 1200 CST on 10 January 2019, sulphate aerosols were
distributed near the surface at an altitude of 1.0 km, and the
mixing ratio of sulphate aerosols near the surface was

FIGURE 9 | Spatial distribution of daily AOD by aerosol type from 10 to 15 January 2019 in Tianjin shown in (A–F).
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40–50 μg/kg. On 11 January, the proportion of near-surface
sulphate aerosols gradually increased, and the mixing ratio of
sulphate aerosols within an altitude of 1.0 km significantly
increased to 80–90 μg/kg. The distribution of sulphate aerosols
gradually increased, and sulphate aerosol layers of different
concentrations appeared at an altitude of 1–2 km, with a
mixing ratio of 10–20 μg/kg. On 12 January, pollution
continued to intensify, and the mixing ratio of near-surface

sulphate aerosols remained high. The mixing ratio of sulphate
aerosols within an altitude of 0.5 km was >90 μg/kg. As pollution
evolved from 13 to 14 January, the mixing ratio and distribution
of sulphate aerosols decreased both near the surface and at high
altitudes, and the mixing ratio of sulphate aerosols decreased to
50–60 μg/kg within an altitude of 1 km near the surface. The
variation in the mixing ratios of sulphate aerosols in the pollution
event indicated the conversion of SO2 to sulphate aerosols under

FIGURE 10 | Time–height distribution of mixing ratios by aerosol type (A) SO4, (B) DU, (C) OM, (D) BC, and (E) SS from 10 to 15 January 2019 in Tianjin.
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high RH, reflecting a crucial relationship with the variation in RH
near the surface and at high altitudes. This finding was confirmed
by the SO2 emissions mentioned in Section 3.1.

Beginning on 13 January, dust aerosols were distributed from
near the surface to an altitude of approximately 1.5 km. The
mixing ratio of dust aerosols within 500 m near the surface was
approximately 15 μg/kg, and the mixing ratio of dust aerosols at
an altitude of 1.0–1.5 km was lower, at 3–6 μg/kg. Beginning on
14 January, with the reduction in dust aerosol pollution, the effect
of dust aerosols gradually decreased within an altitude of 1 km,
and the mixing ratio of dust aerosols near the surface decreased to
7–8 μg/kg within an altitude of 0.5 km. The presence of dust
aerosols observed over the pollution event was consistent with the
increase in PM10 emissions discussed in Section 3.1.

During the pollution event, organic aerosols had a highmixing
ratio near the surface below an altitude of 0.5 km. The mixing
ratio of organic aerosols on 10 January was approximately
100 μg/kg. With the evolution in pollution, the mixing ratio of
organic aerosols near the surface gradually increased to
150–200 μg/kg on 11 January. With the intensification of
pollution, the mixing ratio of near-surface organic aerosols
reached a maximum of 250–300 μg/kg on 12 January.
Furthermore, with the dispersion of pollution, the mixing ratio
of organic aerosols decreased to approximately 150 μg/kg on 13
and 14 January. At the end of the pollution event on 15 January,
organic aerosols disappeared. The vertical distribution of the
mixing ratio of organic aerosols indicated that organic aerosols
were mainly concentrated near the surface; this differed from the
distribution of sulphate and dust aerosols in the upper
atmosphere during the pollution event.

During the pollution episode, black carbon aerosols had a high
mixing ratio near the surface below an altitude of 0.5 km. In the
initial stage of pollution on 10 January, the mixing ratio of black
carbon aerosols was approximately 5 μg/kg. With the further
evolution of pollution, the mixing ratio of near-surface black
carbon aerosols increased to 10–15 μg/kg on 11 January. As
pollution continued to worsen, the mixing ratio of near-
surface black carbon aerosols increased to 20 μg/kg on 12
January. With the dispersion of pollution, the mixing ratio of
black carbon aerosols decreased to 10 μg/kg on 14 January. On 15
January, the black carbon aerosols had disappeared. The
distribution of black carbon aerosols indicated that the effect
of black carbon aerosols was mainly concentrated near the
surface; this phenomenon is similar to that of organic carbon
aerosols but different from the vertical distribution of sulphate
and dust aerosols.

Because Tianjin is a coastal city, sea salt aerosols can cause a
certain degree of air pollution. As shown in Figure 10, although
the mixing ratio of sea salt aerosols was lower than that of other
types of aerosols, it still was observed at an altitude of 1.0–2.5 km
on 13 January. Combined with the time–height evolution of RH
presented in Figure 3, the higher RH at a high altitude on 13
January was conducive to the hygroscopic growth of sea salt
aerosols. With the vertical reduction in RH, the mixing ratio of
sea salt aerosols decreased gradually. Because of the transport of
water vapour in the atmosphere, sea salt aerosols were mainly

distributed in the upper atmosphere and were strongly correlated
with RH.

DISCUSSIONS AND CONCLUSION

With rapid economy development and massive anthropogenic
emission, severe urban PM2.5 pollution have occurred frequently
in major cities over the BTH region and its surroundings in
China. Some studies analyzed the variations of PM2.5 and gaseous
precursors and their chemical composition through in situ real-
time comprehensive observation from measurement campaigns
and simultaneously online measurements to examine the impact
of meteorological conditions and pollutant emissions on air
quality in these regions before and after the strictly controlled
emissions. Dai et al. (2021) pointed out that SO2 and NO2

generated from vehicle emission and residential coal burning
could be two major additional sources of environmental sulfate
and nitrate during the haze episodes in Tianjin. Zhao et al. (2020)
analyzed the long-range transport of dust and its impact on the
pollution process that occurred in Tianjin by the westerly flow
transported from northwestern China. Pang et al. (2020)
investigated that NO3-, SO42+, and NH4+ was the main water-
soluble ions contribute to PM2.5 pollution in Tianjin during the
heating season. Li et al. (2021) presented the important
contribution of increased nitrate concentration to PM2.5

during wintertime in Tianjin from 2014 to 2018. Shao et al.
(2021) shown that nitrate aerosol was the most sensitive
component to severe aerosol pollution under typical extremely
unfavorable meteorological events in Tianjin.

In this study, an air pollution event in a typical city of the NCP
was comprehensively analysed. In view of the core scientific
problem of the whole process of the evolution of severe
pollution, a comprehensive observation was conducted that
overcame the limitation of a single observation data of near-
surface stations. In particular, the temporal and spatial evolution
of different composition aerosols was tracked. Temporal
variations in visibility, PM mass concentration, PBL height,
and vertical meteorological parameters as well as the spatial
distributions of various types of aerosols and their optical
properties were examined to determine aerosol pollution
sources and regional transport characteristics during a
pollution event from 10 to 15 January 2019 in Tianjin.

During this pollution event, the minimum visibility reached
<5 km for approximately 96 h. The accumulative concentration
of PM2.5 and PM10 reached 300 and 400 μg/m3, respectively. The
variation in SO2 exhibited a declining trend, indicating the
contribution of SO2 transformation to sulphate aerosols. The
concentration of NO2 remained at approximately 30 μg/m3 which
was significantly correlated with fossil fuel consumption and
contributed to this pollution process.

The southwest airflow and low WS were dominant factors
affecting PM accumulation and contributed to low visibility.
With the continuous deterioration of visibility, RH increased
to approximately 90%, thus aggravating pollution. A low PBL
height of <0.1 km was observed during this period. The high RH
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in the vertical direction facilitated the chemical transformation of
SO2 and NO2 into sulphate and nitrate aerosols, respectively.

The prevailing southwest airflow transported various
pollutants from Hebei Province to the NCP at a WS of
3.0–4.0 m/s, and the daily PBL height was approximately
200 m. A WPSCF of >0.9 and a WCWT of >200 μg/m3

indicated that Hebei Province was the main source of PM2.5

pollution in Tianjin during the pollution episode.
The total AOD in Tianjin increased to approximately 1.5

during the pollution episode. The effect of sulphate aerosols
on the spatial distribution of aerosol extinction increased, with
an SO4AOD of approximately 0.6. The extinction of organic
aerosols in the NCP was related to the emission source, with the
OMAOD remaining at approximately 0.9. The BCAOD increased
to approximately 0.1 with the further evolution of pollution.

Themixing ratio of sulphate aerosols within an altitude of 0.5 km
was >90 μg/kg. Themixing ratio of dust aerosols within 500m of the
surface was approximately 15 μg/kg. Black carbon and Organic
aerosols had a high mixing ratio near the surface, below an
altitude of 0.5 km. The mixing ratio of sea salt aerosols was
correlated with higher RH and vertically distributed at 1.0–2.5 km.

The findings provide insights into the effect of near-surface
pollutants and vertical meteorological parameters on air pollution
in the NCP. Aerosol transformation process and transport
mechanism in this region can be explored by analysing the
contributions of different types of aerosols.
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