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Abstract. Beijing occurred severe haze events in winter of recent years. To understand the extreme
events, the air pollution case from 9 January to 15 January 2019 was selected. The PM2.5 concentration of
34 monitoring sites which were hourly measured, the nationwide synoptic conditions at surface and
850hpa, the meteorological factors including temperature, wind speed and humidity and the vertical
variation in Planetary boundary layer (PBL) during the case were analyzed. It is found that synoptic
condition, meteorological factors and urban PM2.5 (fine particles with diameter less than 2.5μm)
concentration distribution changed regularly with time. Clean stage, transport stage, cumulative stage and
dispersion stage during haze are defined in this study. Three overall research results are: (1) The synoptic
variation is distinct. Beijing is alternately dominated by Siberian High-pressure and Western Pacific
Subtropical High-pressure system in winter. The transport stage is with predominant Subtropical
High-pressure which brings temperature and humidity rise. High humidity facilitates formation of
secondary aerosols. The cumulative stage ends along with boosted Siberian High-pressure. (2) The severe
haze is characterized by temperature inversion, low wind speed and high humidity, especially nearby
surface, and experienced PM2.5 explosive growth. The stability of PBL structure will be strengthened with
decreased PBL height, which inhibits the dispersion of pollutants. (3) The PM2.5 concentrations during
different stages had different regional distribution. The southern PM2.5 concentration is much high than
northern in transport stage. During dispersion stage, urban central PM2.5 is the high for the reason that
buildings, vehicle exhaust and urban heat island effects all impede haze disappearing.

1. Introduction
Air pollution became a significant challenge in the world,
especially in developing countries ([1]). Air pollution
problems have been increasing adverse effects on human
health and environment. About 80% of the world
population lives in the environments exceeding the air
quality guideline ([2]). Concentrations of air pollutants
in many places can significantly increase acute and
chronic negative influences on human health ([3]). Air
pollution not only reduces the visibility, but also
endanger geriatric respiratory and cardiovascular
systems and reduces neonatal survival rate as acute
reduction in lung function ([4]). Furthermore, recent
studies show that the relationship between PM2.5 and
PM10 (fine particles with diameter less than 10μm) with
microorganisms in the air has serious harm to humans
([5-8]).

China has been suffered from serious haze. The most
serious air pollution occurred in the
Beijing-Tianjin-Hebei (BTH) region. The data suggested
that the daily PM2.5 concentration of BTH region even
beyond 500μg m-3 ([9]). The BTH region is one of the
largest and most dynamic economic zones in northern
China for the unique geographical location. This region
connects North China Plain with the Inner Mongolian

Plateau. It consists of two megacities, which are Beijing
and Tianjin, and 11 prefecture-level cities in Hebei
Province. Rapid economic growth and urbanization are
the major reasons for severe haze events which
particularly occurs when coals were burning for heating
in winter ([10]). Statistics results indicates that eight and
seven cites in China’s top ten polluted for 2014 and 2015
respectively are located in the BTH region ([11-12]).

Many precious researches about haze episodes focus
on the extremely severe haze event of Beijing. Some of
them commonly suggested that the severe haze has the
characteristic of PM2.5 explosive growth ([13-15]). A
variety of explanations had been proposed by previous
researches. Zhong et al. ([13]) indicated that the
variation of PM2.5 in continuous time can be divided into
many periodic processes and each process contain
several stages according to different PM2.5 concentration
changing trends. These stages are called clean stage,
transport stage, cumulative stage and dispersion stage in
this study. The unfavorable meteorological condition is
the major reason for severe air pollution in Beijing ([13]).
Other research ([16]) carried out found that the PM2.5

occupies a very large proportion in air pollutants and
contains secondary aerosols especially in heavily
polluted episodes, and the composition of PM2.5 indeed
varied with different meteorological conditions. Zheng et
al. ([17]) found that PM2.5 concentration mainly is
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caused by regional transport contribution. Southerly
transport of pollutants rises significantly during the
polluted episodes ([18]).

Previous studies by analyzing the atmospheric
background suggested that disadvantageous
meteorological effects including temperature inversion,
high relative humidity, weak surface wind and vertical
wind shear all substantially influenced the PM2.5

concentration, through both physical (e.g., transportation,
dispersion and deposition) and chemical (e.g., the
formation pathway and reaction rate of secondary
aerosol) mechanism ([19-20]). High PM2.5 concentration
levels accumulated further and then decrease the near
ground temperature by reflecting and scattering more
solar radiation, strengthening the existing temperature
inversion and cooperated with weakened horizontal
winds to reduce the PBL height ([13]). PBL becomes
more stable and conducive to pollutant accumulation.
The decrease of PBL height hindered the vertical mixing
of pollutants, resulting in elevated pollution level ([17]).
Hygroscopic growth of PM2.5 is also conducive for
severe haze formation. In the condition of high humidity,
aerosol particle size could enlarge at least 20% through
absorbing water vapor in North China ([21]). Besides
these, the topography that Beijing is surrounded by
mountains are favorable for the formation and
subsequently growth of air pollution in the center of
Beijing ([22]).

It is known that the effects of meteorological factor
on PM2.5 concentration variation in Beijing is substantial
especially when winter comes. The previous studies are

mostly covered the BTH region. This paper will focus on
the haze process in Beijing by using the PM2.5

concentration observation data of 34 monitoring sites
which records severe pollution episode in January 2019
in particular from January 9 to 15, then analyze the
synoptic condition and the structure of PBL, also explore
the interaction and correlation between the spatial
distribution feature of PM2.5 and meteorological
elements in Beijing during different stages of the haze
pollution case.

2. Data and Method
In this study, the following data are used:

(1) The hourly PM2.5 concentration of 34 monitoring
sites are from Beijing Environmental Protection Testing
Center(http://www.bjmemc.com.cn/). The ground
distribution of these stations observed from Google map
are shown in Fig. 1, and the specific location noted by
longitude and latitude are listed in Table 1.

(2) Atmospheric sounding data are observed twice
daily at 0800 and 2000 Beijing time (BT), including
temperature, wind speed, water vapor mixing ratio and
relative humidity (RH), measured at Beijing Observatory
of which station number is 54511 in Daxing District
from 1 January 2019 to 31 January 2019
(http://weather.uwyo.edu/upperair/sounding.html).

(3) Weather background map at 08:00 BT and 20:00
BT from national meteorological service are provided by
the Korea Meteorological Administration (KMA)
(http://222.195.136.24/forecast.html).

Fig. 1. The location distribution of 34 air quality monitoring stations in Beijing
Table 1. Specific location for each air quality monitoring station of 34 monitoring sites

Monitoring Site Full Name of Monitoring Site Longitude Latitude
Urban Environmental Assessment Site
DS Dongsi 116.417 39.929
TH Temple of Heaven, 116.407 39.886
PO West Park Officials 116.339 39.929
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WSN West Wanshou Nishinomiya 116.352 39.878
OSC Olympic Sports Center 116.397 39.982
AEH Agricultural Exhibition Hall 116.461 39.937
WL Haidian Wanliu 116.287 39.987
NNA The Haidian Northern NewArea 116.174 40.09
FG Fengtai Garden 116.279 39.863
YG Yungang, Fengtai 116.146 39.824
SC Shijingshan City 116.184 39.914
Suburban Environmental Assessment Site
FS Fangshan 116.136 39.742
DX Daxing Huangcun Town 116.404 39.718
YZ Yizhuang Development Zone 116.506 39.795
TZ Tongzhou New Town 116.663 39.886
SY Shunyi New Town 116.655 40.127
CP Changping Town 116.23 40.217
MTG Mentougou, Longquan Town 116.106 39.937
PG Pinggu town 117.1 40.143
HR Huairou town 116.628 40.328
MY Miyun Town 116.832 40.37
YQ Yanqing town 115.972 40.453
Control and Region Point
DL Dingling Mausoleum 116.22 40.292
BDL Badaling, Beijing Northwest 115.988 40.365
MYR Miyun Reservoir, Beijing Northeast 116.911 40.499
DGV Donggao Village, Beijing East 117.12 40.10
YLD Yongle Dian, Beijing Southeast 116.783 39.712
YF Yuyuan, Beijing South 116.30 39.52
LLR Liuli River, Beijing Southwest 116.00 39.58
Monitoring Site of Traffic Pollution
QM Qianmen East Street 116.395 39.899
YDGI Yongding Gate Inner Street 116.394 39.876
NXZM Xizhimen North Street 116.349 39.954
STR South Third Ring Road West 116.368 39.856
EFR East Fourth Ring North Road 116.483 39.939

3. Results and Discussion

3.1 Overall analysis of air pollution

The PM2.5 concentration general variation of Beijing in
January 2019 is shown in Fig. 2. There was a severe
continuous haze event occurred in Beijing during the
episode from 9 January to 15 January. This episode is
divided into four processes. During this episode of 7
days, the weekly average concentration of PM2.5 was
about 110.4μg m-3. The maximum hourly concentration
of PM2.5 per hour reached 404.0μg m-3 at 20:00 BT 12
January in the process C and the minimum was 4.2μg
m-3 at 07:00 BT 15 January in the process D.

A significant feature in haze period is the dramatic
hourly fluctuation of PM2.5 concentration, especially in
the winter. There are 35 times that hourly PM2.5 changes
range over 20μg m-3 in January. 27 times of 35 times
occurred in the process A, B, D, and D and account for
77.1% of the whole month. The maximum hourly
increase reached 63.1μg m-3 and the minimum hourly

decrease was -68.7μg m-3. The reason for dramatic
change in PM2.5 concentration is caused by
clean/polluted air masses transition ([23]) and will be
discussed in section 2. PM2.5 pollution was classified into
four categories according to the Air Quality Index
(http://kjs.mep.gov.cn/hjbhbz/bzwb/dqhjbh/jcgfffbz/2012
03/t20120302_224166.htm?COLLCC= 2906016564&):
clean (PM2.5≤35μg m-3), slightly polluted
(35<PM2.5≤115μg m-3), polluted (115<PM2.5≤350μg m-3),
and heavily polluted (PM2.5>350μg m-3), where PM2.5

refers to the hourly concentration. The slightly polluted,
polluted, and heavily polluted levels correspond to small,
moderate, and large PM2.5 peaks in Fig. 2. The process C
experienced severe PM2.5 air pollution, reached heavily
polluted level and is also called explosive growth
process where the dominant component of PM2.5 is
secondary aerosol ([24]).
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Fig. 2. Temporal variations in PM2.5 mass concentration form 1 January 2019 to 31 January 2019; process A correspond to clean
stage; process B correspond to transport stage; process C correspond to cumulative stage; process D correspond to dispersion stage.
Green dashed lines at 35, 115 and 350μg m-3 are the boundary of different pollution grades.

3.2 Analysis of synoptic background

Northeast anticyclone system is motivation that keeps air
clean. During the clean stage, there was a strong high
anticyclone system with 1047hpa central pressure at
surface ground in the northwest of Beijing (Fig. 3a)
which controlled the whole North China Plain. Beijing
was located in the southeast of the high-pressure system.
Therefore, the dominant wind of Beijing region was the
Northeast wind, and brought cold air mass. Similarly, by
analyzing the 850hpa map in the clean stage, Beijing was
located in the east of the high-pressure system with a
barometric center which was 1581gpm (geopotential
meter) but was closed to the pressure center (Fig. 3e).
Strong high-pressure center made the air pollutants in
Beijing spread around. When the cold front passed
Beijing, the strong northerly wind could cause the
decrease of the temperature and the rising pressure, even
might produce rain or snow. This weather phenomenon
is not conducive to the suspension of air pollutants in the
atmosphere. The synoptic conditions during transport
stage and cumulative stage are almost opposite to clean
stage.

Transport process is accompanied by weakened
Siberian High-pressure system. By observing the surface
pressure distribution (Fig. 3b), it is found that a
high-pressure anticyclone system with a central pressure
of 1033hpa were existing on the southwest of Beijing.
Therefore, air mass flows led the southwest wind
occurring in Beijing. Besides, the air mass carried
industrial emissions from south of Beijing. In general,
this was a process of air pollutant transport caused by
synoptic condition, which resulted in the increasing
concentration of PM2.5 in Beijing. During the transport
stage, the western Pacific subtropical high anticyclone
system at 850hpa with a barometric center of 1593gpm
covered North China, resulting in a southwest wind in
Beijing (Fig. 3f). A small low-pressure cyclone with a
barometric center of 1459gpm in the west of the
high-pressure system accelerated southerly wind speed,
which was more conducive to the transport of pollutants
from south to north. Moreover, from the isotherm line
and humidity distribution, it is found that the air mass

flow is warm and humid, which correspondingly
increases the temperature and humidity above Beijing.
These factors are all conducive to the subsequently
explosive growth of PM2.5.

The combined action of several cyclones and
anticyclones result in the accumulation of PM2.5. By
analyzing the distribution of atmospheric pressure on the
surface during cumulative stage (Fig. 3c), it is found that
a Siberian high-pressure anticyclone system with
1043hpa central pressure appeared in the northwest of
Beijing. At the same time, there was a high-pressure
system in the southern part of Beijing with a central
pressure of 1027hpa in Jiangsu Province. Therefore, the
two opposite air mass interacted with each other in the
Beijing and its vicinity, forming a boundary line as a
shear line in this area. Relatively clean air in the north
and relatively polluted air in the South gathered in urban
areas of Beijing, resulting in cyclonic wind shear. This
kind of shear is beneficial to the accumulation of
pollutants ([13]). The low-pressure system with central
pressure of 1020hpa in the northeast of Beijing and the
Siberian high-pressure system had synergistic effect.
This combination strengthened the Siberian
high-pressure system that originally had little influence
in Beijing and was more conducive to the accumulation
of pollutants in Beijing. Beijing was near the
low-pressure trough, where air flow was from southwest,
southeast and northwest converge. The 850hPa
distribution was similar to the surface pressure (Fig. 3g).
Similarly, there was a high-pressure anticyclone system
with a barometric center of 1538gpm in the west of
Beijing and a warm high-pressure anticyclone system in
the south of the West Pacific with a barometric center of
1563gpm. The high-pressure system in the west formed a
northerly wind in Beijing, while the high-pressure
system in the South formed a southerly wind in Beijing.
Their combined action caused the isobaric line over
Beijing to become sparse and the airflow movement was
slow accordingly. The general trend of air mass flow was
from southwest to northeast, which may be caused by the
low-pressure system with a pressure center of 1407gpm
in the northeast. This movement trend will lead to the
increase of temperature and humidity in the adjacent
region, which is conducive to the enhancement of
inversion temperature and high humidity, and accelerates
the explosive growth of PM2.5.
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Fig. 3. Typical surface synoptic condition at (a)20:00 BT,8January, (b)23:00 BT,9January, (c)14:00 BT,12January, (d)02:00
BT,13January;850hpa pressure at (e)08:00 BT,8January, (f)08:00 BT,9January, (g)08:00 BT,12January, (h)08:00 BT,14January.

The synoptic condition during dispersion stage was
roughly the same with the clean stage. At ground surface,
Siberian cold and high-pressure system with a central
pressure of 1043hpa dominated the Beijing and vicinity
again (Fig. 3d). Therefore, there was a northeast wind
occurring in the Beijing. Cold and relatively clean air
mass swept away the air pollutants from Beijing. At the
same time, dry and cold air mass reduced the
temperature and humidity in Beijing, weakened the
phenomenon of inversion and high humidity, and was
more conducive to the gradual dissipation of haze. At the
atmosphere height of 850hPa, it could be found that the
inland anticyclone high-pressure system with 1625gpm
barometric center in the northwest of Beijing had a
significant impact on Beijing and its surrounding areas
(Fig. 3h). Beijing was located by the side of
high-pressure ridge where cold and clean air mass spread
violently toward northeast and southeast. In contrast, the
subtropical high-pressure system over the western
Pacific was gradually being weakened. Therefore, north
wind appeared in Beijing, and the low-pressure cyclone
with a barometric center of 1387gpm in the northeast
region accelerated the north wind speed in Beijing. The
low-pressure system with a barometric center of
1433gpm in the Qinghai-Tibet Plateau region also
enhanced the high-pressure system in the northwest of
Beijing, which formed wind shear and eventually
Northwest wind. Relatively cold air mass carried the
pollutants in Beijing and reduced the temperature at
about 1500 meters above sea level. The weakened
inversion is conducive to the vertical transport of air
pollutants. Through horizontal and vertical diffusion, the
haze phenomenon is gradually eliminated.

3.3 Specific vertical structure of PBL

Severe haze has stronger temperature inversion. The
temperature inversion was more obvious at 08:00 BT

and below 1500 m by comparison with 20:00 BT (Fig. 4
and Fig. 5) during 7 days. The surface temperature in the
morning was lower than that in the evening as a result of
the cooling caused by the surface thermal radiation at
night, and the temperature difference between 08:00 BT
and 20:00 BT on the same day was more than 5℃. By
comparing 9 January with 10 January, it is found that the
overall temperature of 10 January increased significantly,
and had an increment more than 5℃ (Fig. 4a). There was
more obvious temperature rise at higher level of PBL,
such as, at a height of 500m, the temperature just rose by
about 3℃, but at a height of 700m, the temperature rose
by about 7℃ and 2.3 times than that at 500m. Therefore,
the temperature inversion phenomenon was significantly
enhanced. From 10 January to 14 January, the
temperature in Beijing nearly unchanged. The
temperature inversion reached the maximum on 13
January and the temperature at 1500m was 19.9℃ higher
than that on earth surface. From 14 January to 15 January,
the air temperature in Beijing dropped sharply again, and
especially in the upper air, the temperature on 15 January
was much lower than that on 9 January. The temperature
difference between 1500m and surface of 2 days
decreased from 18.2℃ to 3.5℃. It is possible that the
cold airflow was transmitted above 1500m. On 9 January
and 15 January, Beijing was affected by inland
high-pressure system. The cold air mass produced
relatively clean northerly wind in Beijing, resulting in
rapid cooling and a decrease in PM2.5 concentration.
From 10 January to 14 January, western Pacific
Subtropical Warm High-pressure system dominated
Beijing, appearing south wind and rising temperatures in
Beijing, and the air mass flow carried air pollutants from
industries in southern Beijing, resulting in a growth in
PM2.5 concentration. As the PBL stability increased, the
temperature inversion became stronger. Under the stable
inversion, the vertical exchange of turbulence was
suppressed and the diffusion of air pollutants was
hindered.
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Fig. 4. Temporal variations in vertical distributions of meteorological factors from 9 January 2019 to 15 January 2019. (a)
Temperature (K), (b) wind speed (m/s), and (c) water vapor mixing ratio (g/kg). 10 - 12 January correspond to transport growth
process, 12 - 13 January correspond to cumulative explosive growth processes.

Fig. 5. Temporal variations in vertical distributions of meteorological factors at 20:00 BT from 9 January 2019 to 15 January 2019. (a)
Temperature (K), (b) wind speed (m/s), and (c) water vapor mixing ratio (g/kg). 10 - 12 January correspond to transport growth
process, 12 - 13 January correspond to cumulative explosive growth processes.

From the variation of the daily wind profile, it is seen
that the wind speed in the range of from 0 to 1500m
generally increased according to rise of altitude (Fig. 4b).
This is as a result of the structure of the PBL. When get
closed the ground surface, the atmospheric friction is
more serious. This friction drag is transmitted upward
due to turbulence in the atmosphere and gradually
decreases with the growing altitude, finally could be
neglected when reaching a certain altitude. This height is
called atmospheric PBL thickness. From 9 January to 14
January, the wind speed was relatively small, especially
between 11 January and 12 January, low wind speed was
conducive to the accumulation of PM2.5 in Beijing. In
order to confirm this conclusion, it is found that 12
January is in the cumulative stage of PM2.5, and PM2.5

had a rapid explosive growth. Before 12 January, the
concentration of PM2.5 increased continuously and the
variation was in the transport stage. After January 14, the
wind speed increased gradually again, corresponding to
the dispersion stage of PM2.5. It is a conclusion that the
variation of wind speed coincided with the
characteristics of slow south wind and strong north wind.
The wind in cumulative stage is relatively slow and
simultaneously carried industrial emission from south of
Beijing. Consequently, the advection transport of air
pollutants decreased and PM2.5 was accumulated
constantly. In contrast, the relatively clean and fast north
wind is very conducive to the dissipation of haze. Wind
shear provides kinetic energy for atmospheric turbulence.
In haze days, the wind speed is relatively low, and the
change of wind speed with height is small. The
weakening of vertical wind shear is not conducive to the
vertical exchange of air by atmospheric turbulence. At
the same time, the decreased height of the PBL leads the

higher aggregation degree of PM2.5. Lower wind speed at
ground surface is more conducive to the accumulation of
PM2.5 and local air pollutant is hardly to be blown away.
Therefore, a great quantity of air pollutants accumulates
frequently in a certain area.

By analysis of the variation of absolute humidity,
the water vapor mixing ratio profile increases
continuously from 9 January to 12 January (Fig. 4c).
This period corresponded to the transport and
accumulation of PM2.5. Similarly, the airflow during this
period came from the south of Beijing. After 14 January,
the humidity profile decreased entirely and the content of
water vapor in the atmosphere was reduced. This period
corresponded to the dispersion stage of PM2.5 and north
wind. On 9 January and 15 January, the relatively low
water vapor mixing ratio in the air demonstrated that the
north air mass was generated by the north inland
high-pressure system and had the feature of relatively
dry and clean. From 10 January to 14 January, the air
humidity was relatively high. Under 200m altitude, the
phenomenon of high humidity was more obvious, where
the water vapor mixing was approximate 0.5g/kg higher
than other periods. Atmospheric aerosol particles contain
water-soluble materials. Therefore, these aerosol
particles can absorb water and increase their volume
with increasing relative humidity. The optical properties
of aerosol particles are also changed ([25]). The
hygroscopicity of aerosol particles determines the liquid
water content of aerosol. Liquid water provides a
medium for multiphase chemical reactions, leading to
local photochemistry problems ([26-27]). Strong
absorbent aerosols such as sulfate, nitrate, ammonium,
and soluble organic particles tend to grow by absorbing
moisture when the additional water vapor exists in the
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air ([28]). Normal 20%-60% of aerosol particle size is
increased after moisture absorption in North China ([21]).
Moreover, water vapor is conducive to the secondary
reaction of sulfur oxides and nitrogen oxides in the air.
The reaction produced a lot of sulfate and nitrate. Water
vapor tends to adheres to particulate matter and these
secondary reactions are liquid phase reactions.
Particulate matter and water provide the reaction
medium for the reactants. Secondary aerosols (inorganic
and organic) are major components in fine particles in
China ([29]). Along with the secondary reaction
occurring, the concentration of PM2.5 goes up rapidly and
the haze becomes more serious ([30]).

Above all, severe haze in Beijing is closely

associated with meteorological condition. Strong
temperature inversion and low wind speed increase the
stability of the PBL and are not conducive to the
turbulence transport of atmosphere. This phenomenon is
more obvious at the height below 500m. The wind from
the South has the characteristics of high temperature,
relative slow wind speed and high humidity, and there
are also numerous factories in the south of Beijing. High
humidity accelerates hygroscopic growth and secondary
reaction of aerosols. On the contrary, the north wind is
less polluted and with low temperature, relative high
speed, less water vapor. Consequently, it is conducive to
the dissipation of haze.

3.4 Spatial distribution of air pollution

During the cleaning stage, the average concentration of
PM2.5 in Beijing was about 24.8μg m-3, which was
obviously less than 35μg m-3 and belonged to clean level.
Except for the monitoring sites in the South and
Northeast, the PM2.5 concentration of places other
monitoring stations located was relatively low, and the
air quality in the north was better than that in the south
(Fig. 6a).

In the transport stage, it is found that the PM2.5

concentration in Beijing showed a downward trend
spatially from south to north and from west to east (Fig.
6b). It suggests that air pollutants were transported from
the southwest to Beijing through air flow. At this time,
PM2.5 concentration increased significantly and the
average PM2.5 concentration of 34 stations in Beijing
was about 65.4μg m-3 which was about 2.6 times of that
during the clean stage. The concentration of PM2.5 in
some areas of Southwest Beijing exceeded 80μg m-3,
which belonged to slightly polluted level. It is concluded
that the concentration distribution of PM2.5 has obvious
spatial characteristics.

The PM2.5 concentration in cumulative stage reached
the maximum by explosive growth. During the
cumulative stage, there is a finding that the PM2.5
concentration at all 34 stations was very high, especially
in the southern part of Beijing (Fig. 6c). The PM2.5
concentration in the southern region was more than
500μg m-3 and the average PM2.5 concentration in
Beijing was 344.1μg m-3. It belonged to the heavily
polluted level. By comparing the monitoring
concentration changes at each station from the transport
stage to the cumulative stage, it is found that the PM2.5
concentration in eastern of Beijing increased more
significantly than that in western region, and the
pollutant concentration in northern China still remained
relatively low. It is possible that air pollutants may be
transported counterclockwise in Beijing and was
centered on the downtown. This transport direction
might be caused by wind shear which was produced by
two opposite winds. The cold air mass is with the
northeast wind and the warm air mass is with the
southwest wind. This phenomenon is more conducive to
the accumulation of pollutants in a specific area.

The PM2.5 concentration of dispersion stage in

downtown rarely declined (Fig. 6d). During the
dispersion stage which was as a result of the cold air
mass invading, the pollution concentration of places
surrounding the urban area of Beijing decreased
significantly. The reason is that the cold air from the
north was relatively clean. The average PM2.5
concentration in Beijing was 264.7μg m-3. The average
PM2.5 concentration in north part of Beijing fell below
70μg m-3 and only had little impact on human health.
However, it is noteworthy that the PM2.5 concentration
did not decrease significantly in the urban areas of
Beijing. The PM2.5 concentration in urban areas
remained around 450μg m-3. This phenomenon might be
caused by the relatively high buildings which obstruct
the airflow transport. The building would increase the
friction coefficient of the contact surface and
consequently reduced the wind speed. Meanwhile, the
exhaust was emitted by vehicles constantly in the city.
Both factors were detrimental to the dissipation of haze.
Wind is the main kinetic source of haze dissipation.
However, the high buildings in cities weakened the role
of wind, resulting in the retention and accumulation of
air pollutants. Besides, the phenomenon of temperature
inversion in urban areas was relative serious for the
existence of building shadows which affected solar
radiation, and the strength of inversion relates to surface
albedo ([31]). The inversion layer could hinder the
advection and vertical transport of air, leading the air
pollutants rarely to diffuse upward. In recent years, the
near-surface wind speed in Beijing has been getting
lower ([32]) with stronger urban heat island effects
([33]), which is also not conducive to the dissipation of
haze. The main reason for this phenomenon is that the
urban surface structure has changed significantly as the
remarkable increase of city scale. Urban reinforced
concrete buildings absorb most of the solar radiation heat
during the day, weaken the vertical atmospheric
convection intensity during the day, and release heat
stored at night, forming the urban heat island effect and
urban atmospheric circulation. The urban heat island
effect and urban atmospheric circulation is more obvious
in the city with larger scale. The high intensity of urban
atmospheric circulation could strengthen the resistance
to external monsoon.
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Fig. 6. PM2.5 concentrations of Beijing on 9 January BT 04:00-06:00 (a), 9 January BT 18:00-20:00 (b), 12 January BT 18:00-19:00
(c), and 13 January BT 04:00-5:00 (d).

4. Conclusion
Meteorological factor is the major cause of heavy haze
pollution in Beijing and affected by synoptic variation. It
is important to understand the comprehensive
mechanism that different meteorological affects the
PM2.5 concentration and how meteorological factors
change with the variation in synoptic background. The
PM2.5 spatial distribution is distinct in different stages
accompanied with changed meteorological factors. To
understand the extreme events, the air pollution case
from 9 January to 15 January 2019 was selected. By
analyzing the specific meteorological factors in clean,
transport, cumulative and dispersion stage respectively
corresponding to different PM2.5 concentration, three
fundamental findings are revealed.

The haze of Beijing in winter was caused by
unfavorable synoptic conditions and mainly controlled
by the Siberian High-pressure and the Western Pacific
Subtropical High-pressure. The western Pacific
subtropical high system is the cause of haze and has the
characteristics of high temperature, high humidity and
low wind speed. Consequently, this south high-pressure
system will produce the weather phenomena of inversion,
high humidity and weak atmospheric turbulence in
Beijing. This kind of synoptic condition could accelerate
the secondary reaction of aerosol. Moreover, the
southern wind carries air pollutants from factories in

southern Beijing. Eventually, the concentration of PM2.5
experienced an explosive growth and severe haze
occurred.

The meteorological parameters including temperature
inversion, low near-surface wind speed and high
humidity have substantial contribution to haze. Severe
haze in Beijing was the comprehensive result of these
factors interacting with each other. Concurrently, the
PBL height reduced and the stability of PBL structure
was strengthened. Stable PBL structure is inhibitive for
the vertical and horizontal transport of air pollutant in
atmosphere. Haze was hard to be eliminated.

The PM2.5 concentration in Beijing had obvious
spatial distribution characteristics. The southern part of
Beijing is close to factories, so the PM2.5 concentration is
obviously higher than that in the northern part. During
the dispersion stage, urban buildings and automobile
exhaust inhibited the dissipation of haze in urban areas.
The vehicle exhaust is one of the air pollutants sources.
Building could partly block the spread of wind and
building shadow is beneficial for temperature inversion
by affecting solar radiation. The urban heat island effects
to a certain extent makes the air pollution more serious
in urban areas ([34]).
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