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Abstract. Under a high atmospheric oxidization capacity,
the synergistic effect of the physicochemical processes in
the atmospheric boundary layer (ABL) caused summer haze
pollution in Beijing. The southern and southwestern ar-
eas, generally 60–300 km away from Beijing, were seri-
ously polluted in contrast to Beijing, which remained clean.
Southerly winds moving faster than 20–30 km h−1 since the
early morning primarily caused haze pollution initiation. The
PM2.5 (particulate matter with a dynamic equivalent diame-
ter smaller than 2.5 µm) level increased to 75 µgm−3 over
several hours during the daytime, which was simultaneously
affected by the ABL structure. Additionally, the O3 concen-
tration was quite high during the daytime (250 µgm−3), cor-
responding to a high atmospheric oxidation capacity. Much
sulfate and nitrate were produced through active atmospheric
chemical processes, with sulfur oxidation ratios (SORs) up to
∼ 0.76 and nitrogen oxidation ratios (NORs) increasing from
0.09 to 0.26, which further facilitated particulate matter (PM)
level enhancement. However, the increase in sulfate was
mainly linked to southerly transport. At midnight, the PM2.5
concentration sharply increased from 75 to 150 µgm−3 over
4 h and remained at its highest level until the next morning.
Under an extremely stable ABL structure, secondary aerosol

formation dominated by nitrate was quite intense, driving the
haze pollution outbreak. The PM levels in the southern and
southeastern areas of Beijing were significantly lower than
those in Beijing at this time, even below air quality standards;
thus, the contribution of pollution transport had almost dis-
appeared. With the formation of a nocturnal stable boundary
layer (NSBL) at an altitude ranging from 0–0.3 km, the ex-
tremely low turbulence kinetic energy (TKE) ranging from 0
to 0.05 m2 s−2 inhibited the spread of particles and moisture,
ultimately resulting in elevated near-surface PM2.5 and rela-
tive humidity (∼ 90 %) levels. Due to the very high humid-
ity and ambient oxidization capacity, NOR rapidly increased
from 0.26 to 0.60, and heterogeneous hydrolysis reactions
at the moist particle surface were very notable. The nitrate
concentration steeply increased from 11.6 to 57.8 µgm−3,
while the sulfate and organics concentrations slightly in-
creased by 6.1 and 3.1 µgm−3, respectively. With clean and
strong winds passing through Beijing, the stable ABL dissi-
pated with the potential temperature gradient becoming neg-
ative and the ABL height (ABLH) increasing to ∼ 2.5 km.
The high turbulence activity with a TKE ranging from 3
to 5 m2 s−2 notably promoted pollution diffusion. The self-
cleaning capacity of the atmosphere is commonly responsi-
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ble for air pollution dispersion. However, reducing the atmo-
spheric oxidization capacity, through strengthening collabo-
rative control of nitrogen oxide (NOx) and volatile organic
compounds (VOCs), as well as continuously deepening re-
gional joint air pollution control, is urgent.

1 Introduction

Due to a series of stringent emission control measures
(China’s State Council 2013 Action Plan for Air Pollu-
tion Prevention and Control available at http://www.gov.cn/
zhengce/content/2013-09/13/content_4561.htm, last access:
13 April 2020), including shutting down heavily polluting
factories and replacing coal with clean energy sources, the
annual mean PM2.5 (particulate matter with a dynamic equiv-
alent diameter smaller than 2.5 µm) concentration in major
regions, especially in Beijing, has continuously decreased
in recent years (Chen et al., 2019; G. Liu et al., 2019;
J. Cheng et al., 2019; Ding et al., 2019). However, the
ground-level O3 concentration across China has increased
rapidly in recent years, especially in summer, despite re-
cent reductions in SO2 and nitrogen oxide (NOx) emissions
(Chen et al., 2018; Anger et al., 2016; Wang et al., 2018;
T. Wang et al., 2017a). This discrepancy in the variation
trend between O3 and PM2.5 may be attributed to inappro-
priate reduction ratios of NOx and volatile organic com-
pounds (VOCs) in PM2.5-control-oriented emission reduc-
tion measures, which mainly focus on NOx reduction (H. Liu
et al., 2013; N. Cheng et al., 2019). In addition, a number
of studies have demonstrated that reducing ambient particles
influences surface ozone generation by affecting heteroge-
neous reactions and decreasing the photodecomposition rate
(O3 and its precursors) through aerosol–radiation interac-
tions (Q. Liu et al., 2019; W. Wang et al., 2019; He and
Carmichael, 1999; Dickerson et al., 1997; Tie et al., 2001,
2005; Martin et al., 2003). Recently, even though the PM2.5
level in Beijing has generally been low due to stringent emis-
sion control measures, several haze pollution episodes with
alternating and synchronous high ozone concentrations have
still occurred in the summer of 2019. Regarding the causes of
particulate matter (PM) pollution, numerous previous studies
have reported that stationary synoptic conditions, local emis-
sions and regional transport, an adverse atmospheric bound-
ary layer (ABL) structure, and meteorological conditions as
well as secondary aerosol formation are major factors in haze
pollution formation (Li et al., 2019; Sun et al., 2012; Wang
et al., 2016; Z. Liu et al., 2019; Huang et al., 2017; Luan
et al., 2018; Han et al., 2019). Huang et al. (2017) demon-
strated that haze pollution in Beijing–Tianjin–Hebei usually
occurred when air masses originating from polluted indus-
trial regions in the south prevailed and are characterized by
high PM2.5 loadings with considerable contributions from
secondary aerosols. Bi et al. (2017) stated that the strong

winds and vertical mixing in the daytime scavenged pollu-
tion, and the weak winds and stable inversion layer in the
nighttime promoted air pollutant accumulation near the sur-
face. Zhong et al. (2018) showed that positive ABL meteo-
rological feedback on the PM2.5 mass concentration explains
over 70 % of the outbreak of pollution. Zhao et al. (2019) also
revealed that the constant feedback effect between aerosol
radiative forcing and ABL stability continually reduced the
atmospheric environmental capacity and aggravated air pol-
lution. The dominant PM components, including sulfate, ni-
trate, ammonium and organics (Org), are mostly formed via
the homogeneous and heterogeneous reactions of gas-phase
precursors in the atmosphere (Orrling et al., 2011; Wang et
al., 2016), and they account for over 50 % of the PM2.5 mass
(Wang et al., 2013; G. Liu et al., 2019; Sun et al., 2015; Yao et
al., 2002). Ming et al. (2017) proved that the contribution of
secondary aerosol formation during haze pollution episodes
was much higher than that before and after haze pollution
episodes.

Although the causes of high PM2.5 loadings have been
widely examined, most of these studies have focused on
haze pollution in winter and only involved one or several
key factors. In summer in Beijing, with high solar radia-
tion, O3 can be quickly formed via photochemical reactions
among precursors, including volatile organic compounds
(VOCs) and nitrogen oxides (NOx), which contributes to
an increase in the ambient oxidizing capacity (T. Wang et
al., 2017b; Ainsworth et al., 2012; Hassan et al., 2013;
Trainer et al., 2000; Sillman, 1999). Meteorological condi-
tions, including solar radiation, temperature, relative humid-
ity (RH), wind speed and direction, and cloud cover, also
play an important role in short-term ozone variations, fur-
ther affecting the atmospheric oxidization capacity (Lu et
al., 2019; N. Cheng et al., 2019; Toh et al., 2013; Z. Wang
et al., 2017; Zeng et al., 2018). As ozone pollution is increas-
ingly becoming prominent and the atmospheric oxidation ca-
pacity is gradually increasing, the formation mechanism of
haze pollution under a high atmospheric oxidization capacity
needs to be addressed. Previous studies have demonstrated
that intense atmospheric photochemical reactions in summer
enhanced secondary aerosol formation and led to the syn-
chronous occurrence of high PM2.5 and O3 concentrations on
a regional scale (Pathak et al., 2009; Wang et al., 2016; Shi et
al., 2015). Nevertheless, the mechanisms of how the overall
regional transport, ABL structure, meteorological conditions
and secondary aerosol formation interact to quantitatively in-
fluence haze pollution under a high atmospheric oxidization
capacity in summer remain unclear. Therefore, by closely
monitoring air temperature, relative and absolute humidity
(AH) profiles, vertical velocity, horizontal wind vector pro-
files, atmospheric backscattering coefficient (BSC) profiles,
and the ABL height (ABLH) – as well as the mass concentra-
tion and composition of PM2.5; aerosol optical depth (AOD);
and mass concentrations of gas pollutants including O3, SO2,
and NO2 – this paper comprehensively examines the forma-
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tion mechanism of haze pollution under a high ambient ox-
idization capacity. This provides insights into atmospheric
physics and chemistry to propose selected recommendations
for model forecasting and the analysis of complex air pollu-
tion in summer in Beijing.

2 Instruments and data

2.1 Instruments and related data

Figure 1 presents the location of observe site and relevant
measurement instruments in this paper. The observation site
is located at the Tower Branch of the Institute of Atmospheric
Physics (IAP), Chinese Academy of Sciences (39◦58′ N,
116◦22′ E; altitude: 58 m). The IAP site is located at the inter-
section of the North 3rd Ring Road and North 4th Ring Road
in Beijing, China, among educational, commercial and resi-
dential areas, and it represents a typical urban site in Beijing
(hereinafter BJ site). All the sampling instruments are placed
at the same location to conduct simultaneous monitoring. All
the data used in this paper were recorded from 22 to 27 July
2019, and they are reported in Beijing Standard Time (local
time).

Air temperature and relative and absolute humidity pro-
files were collected with a microwave radiometer (RPG-
HATPRO-G5 0030109, Germany). The microwave radiome-
ter (hereinafter MWR) produces profiles with a resolution
ranging from 10 to 30 m up to 0.5 km, profiles with a res-
olution ranging from 40 to 70 m between 0.5 and 2.5 km, and
profiles with a resolution ranging from 100 to 200 m from
2 to 10 km at a temporal resolution of 1 s. A detailed de-
scription of RPG-HATPRO-type instruments can be found
at https://www.radiometer-physics.de/ (last access: 13 April
2020).

Vertical wind speed and horizontal wind vector profiles
were retrieved with a 3D Doppler wind lidar (Windcube
100s, Leosphere, France). The wind measurement results
have a spatial resolution ranging from 1 to 20 m up to 0.3 km
and one of 25 m from 0.3 to 3 km, with a temporal resolu-
tion of 1 s. More instrument details can be found at https:
//www.leosphere.com/ (last access: 13 April 2020).

A ceilometer (CL51, Vaisala, Finland) recorded atmo-
spheric BSC profiles. The CL51 ceilometer digitally sampled
the return backscattering signal from 0 to 100 µs and pro-
vided BSC profiles with a spatial resolution of 10 m from the
ground to a height of 15 km. As PM mostly suspends in the
ABL and is barely present in the free atmosphere, the ABLH
was determined by the sharp change in the negative gradient
of BSC profiles (Muenkel et al., 2007). More detailed infor-
mation on the ABLH calculation and screening can be found
in previous studies (Tang et al., 2015, 2016; Zhu et al., 2018).

The aerosol optical depth (AOD) is observed by a CIMEL
sun photometer (CE318, France), and the AOD at 500 nm is
adopted in this paper. The CE318 instrument is a multichan-

nel, automatic sun-and-sky-scanning radiometer and only ac-
quires measurements during daylight hours (with the sun
above the horizon). Detailed information on the AOD inver-
sion method and the CE318 instrument had been presented
in Gregory (2011).

The real-time hourly-mean PM2.5, PM10, O3, NO2 and
SO2 ground levels were downloaded from the China Na-
tional Environmental Monitoring Center (CNEMC) (avail-
able at http://106.37.208.233:20035/, last access: 13 April
2020). All operational procedures are strictly conducted fol-
lowing the Specification of Environmental Air Quality Au-
tomatic Monitoring Technology (HJ/T193-2005, available at
http://www.mee.gov.cn/, last access: 13 April 2020). The
PM chemical species, including the organics (Org), sul-
fate (SO2−

4 ), nitrate (NO−3 ), ammonium (NH+4 ) and chloride
(Cl−), were measured every hour with an aerosol chemical
speciation monitor (ACSM). More detailed descriptions of
the ACSM have been given in Ng et al. (2011). The black
carbon (BC) mass concentration was measured with a mul-
tiangle absorption photometer (MAAP5012, Thermo Elec-
tron). A more detailed description of the MAAP5012 in-
strument can be found in Petzold and Schonlinner (2004).
As shown in Fig. 2, the ACSM-measured PM2.5 mass con-
centration (= organics + sulfate + nitrate + ammonium +
chloride + BC) tracked the online PM2.5 mass concentration
well, which was directly measured with a PM analyzer (from
CNEMC), with a correlation coefficient (R2) of 0.82. On
average, the ACSM-measured PM2.5 mass concentration ac-
counts for 80 % of the online PM2.5 mass concentration. All
chemical compositions measured by the ACSM, including
organics, sulfate, nitrate, ammonium and chloride, as well as
BC, represent the dominant species of PM2.5.

2.2 Other datasets

The virtual potential temperature (θv) and pseudoequivalent
potential temperature (θse) are calculated by Eqs. (1) and (2),
respectively:

θv = T (1+ 0.608q)
(

1000
P

)0.286

, (1)

θse = T

(
1000
P

)0.286

exp
(
rsLv

CpdT

)
, (2)

where T is the air temperature; q is the specific humidity; p
is the air pressure; rs is the saturation mixing ratio; Lv is the
latent heat of vaporization, i.e., 2.5× 106 J kg−1; and Cpd is
the specific heat of air, i.e., 1005 J kg−1 K−1. All the relevant
parameters can be calculated from the MWR-measured tem-
perature and humidity profile data, and the θv and θse values
at the different altitudes can then be further obtained. The
hourly turbulence kinetic energy (TKE) is calculated as

TKE= 0.5×
(
δ2
u+ δ

2
v + δ

2
w

)
. (3)
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Figure 1. The geographical location of Beijing city (BJ) marked with a red star as well as surrounding regions and relevant measurement
instruments implemented in this paper. The top-left panel is the topographic distribution of most of China with Beijing and surrounding
areas marked, and the top-right panel is the topographic distribution of the Beijing–Tianjin–Hebei (BTH) region, with the Yan Mountains to
the north, the Taihang Mountains to the west and Bohai Bay to the east. The blue letters are abbreviations of city names in the BTH region
(a: microwave radiometer; b: 3D Doppler wind lidar; c: CIMEL sun photometer; d: ceilometer; e: Aerodyne aerosol chemical speciation
monitor (ACSM); f: multiangle absorption photometer).

The 1 h vertical velocity standard deviation (δ2
w) and the 1 h

horizontal wind component standard deviations (δ2
u and δ2

v)
are calculated with Eqs. (4), (5) and (6), respectively:

δ2
w =

1
N − 1

∑N

i=1
(wi −w)

2, (4)

δ2
u =

1
N − 1

∑N

i=1
(ui − u)

2, (5)

δ2
v =

1
N − 1

∑N

i=1
(vi − v)

2, (6)

where N is the number of records each hour, wi is the ith
vertical wind velocity (m s−1), ui (vi) is the ith horizon-
tal wind speed (m s−1), w is the mean vertical wind speed
(m s−1), and u(v) is the mean horizontal wind speed (m s−1)
(L. Wang et al., 2019; Banta et al., 2006). Atmospheric re-
analysis data from the National Centers for Environmental
Prediction (NCEP) were collected four times a day at 02:00,

08:00, 14:00 and 20:00 LT (local time) at a horizontal reso-
lution of 2.5◦× 2.5◦.

3 Results and discussion

3.1 Typical air pollution episodes in summer in Beijing

Considering that the daily mean PM2.5 mass concentra-
tion on both 22 and 26–27 July exceeded the national sec-
ondary standard (75 µgm−3) (GB3095-2012) with maxi-
mum hourly averages up to 131 and 152 µgm−3, respec-
tively, two severe PM pollution processes occurred, defined
as Haze I and Haze II. During these two haze periods,
high atmospheric BSC levels mainly occurred below an al-
titude of 0.5 km, with values ranging from 4 to 6 Mm−1 sr−1.
This reflects the vertical distribution of ambient particles
from the aspect of aerosol scattering to a certain degree,
i.e., only the suspended particles concentrated in the lower
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Figure 2. Scatter plot of the relationship between the directly mea-
sured PM2.5 mass concentration (with the particulate matter an-
alyzer of the China National Environmental Monitoring Center)
and the ACSM-measured PM2.5 mass concentration (the sum of
the chemical constituent mass concentrations measured with the
aerosol chemical speciation monitor (ACSM) and the black carbon
(BC) mass concentration measured with the multiangle absorption
photometer).

layer of the atmosphere. Besides, an ozone pollution day is
any day when the hourly-mean O3 concentration is higher
than 160 µgm−3; thus, during the observation periods, each
day was a severe ozone pollution day. As reported by the
Ministry of Ecology and Environment, in 2018, the num-
ber of motor vehicles reached 327 million, up by 5.5 %
year on year (available at http://www.mee.gov.cn/xxgk2018/
xxgk/xxgk15/201909/t20190904_732374.html, last access:
13 April 2020). Although stringent pollution control mea-
sures have been implemented regarding factories, motor ve-
hicles still discharge large amounts of primary pollutants into
the atmosphere, including NOx , HC, VOCs, and CO. Under
high solar radiation and temperature levels in summer, pho-
tochemical processes are prominent, contributing to a high
O3 concentration along with many highly reactive radicals,
which further enhance the oxidizing capacity of the atmo-
sphere (Frischer et al., 1999; Sharma et al., 2013). Haze pol-
lution under a high atmospheric oxidation capacity had likely
occurred on 22 and 26–27 July. Generally, due to the strin-
gent pollutant emission control measures, the emission of
primary aerosols is low, with a very low PM2.5 level in sum-
mer in Beijing. The sudden elevated ambient particle concen-
tration (the Haze I and Haze II periods) resulted in the worst
PM pollution in Beijing that summer and has been widely
concerned by the public. Thus, the formation mechanism
of the Haze I and Haze II periods during which the PM2.5
and O3 concentrations were simultaneously/alternately high
should be systematically examined. The key point is to deter-
mine the oxidation capacity of the regional atmosphere and

to clarify the formation mechanism of secondary aerosols. In
addition, the occurrence and evolution patterns of these two
haze processes were different, which could refer to the di-
verse accumulation mechanisms, regional transfer contribu-
tions, ABL structures and removal processes. Therefore, by
clarifying the various pollution processes, it should be pos-
sible to determine the leading factors of these haze phenom-
ena in Beijing in summer. In summary, we will examine the
haze pollution causes under a high atmospheric oxidization
capacity in terms of the physical processes, such as pollu-
tant sources and sinks, ABL structure influence, and chemi-
cal processes, namely aerosol transformation processes.

3.2 The formation mechanism of haze pollution in
summer in Beijing

3.2.1 The occurrence stage

Figure 3a reveals that the PM level in Beijing gradually in-
creased from 08:00 to 22:00 LT on 26 July (the Haze II
episode) and from 04:00 to 22:00 LT on 22 July (the Haze I
episode), with the PM2.5 mass concentration eventually
reaching 75 and 131 µgm−3, respectively. These two stages
are regarded as the Haze I and Haze II occurrence stages.

a. The contribution of pollution transport

Owing to the notable control measures in summer in Bei-
jing, the sudden elevated PM levels very likely originated
from an outside region. Clearly, since the early hours on
22 and 26 July, Beijing was located behind the northwest–
southeast trough of the 850 hPa potential height field, which
bordered the Sichuan Basin to the west (Fig. 7a–d and i–l).
Therefore, Beijing was always controlled by strong southerly
winds at high altitudes. With the Taihang Mountains to the
east and the Yan Mountains to the north (Fig. 2), Beijing is
a semi-enclosed area; thus, the southern wind belt passing
through the North China Plain to Beijing will be strength-
ened (Su et al., 2004). The southerly wind speeds ranged
from 8 to 10 m s−1 (the Haze II period) and from 5 to 7 m s−1

(the Haze I period) at altitudes > 0.5 km. Under persistent
southerly winds, water vapor was carried to Beijing form-
ing a moisture transport channel which increasingly intensi-
fied. (Fig. 7a–d; i–l). In response, the humidity in Beijing in-
creased in the morning of 26 July with the AH (RH) ranging
from 15 to 17 g m−3 (∼ 75 %), while the AH (RH) decreased
to ∼ 13 g m−3 (∼ 70 %) from 10:00 LT on (Fig. 4c and d).
The air temperature during the daytime was extremely high,
ranging from 30 to 35◦ (Fig. 4b), and these high-temperature
weather conditions reduced the humidity by evaporation to a
certain degree. Considering that the air temperature was al-
ways very high (∼ 30◦) since the early morning on 22 July,
the AH (RH) was ∼ 13 g m−3 (∼ 65 %) during the occur-
rence stage.
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Figure 3. (a) Temporal variations in the PM2.5, PM10 and O3 mass concentrations as well as in the aerosol optical depth (AOD) at the BJ
site from 22 to 27 July 2019; (b) temporal variations in the vertical atmospheric backscattering coefficient (BSC) profiles at the BJ site from
22 to 27 July 2019 (the yellow box represents the light-haze pollution period, and the red box represents the heavy-haze pollution episode).

With the more densely populated industrial regions lo-
cated in the south of Beijing, the strong winds blowing from
the south were also highly likely to transport large amounts
of anthropogenic aerosols to Beijing (Chang et al., 2018;
X. G. Liu et al., 2013). To examine the potential PM trans-
portation, we generated PM2.5 mass concentration distribu-
tion maps for most parts of China (Fig. 8), and we combined
them with corresponding background circulation fields to
elucidate the pollution transportation phenomenon. The re-
gional distribution of the PM2.5 mass concentration was ob-
tained by interpolating PM2.5 data from more than 1000 sta-
tions of the China National Environmental Monitoring Cen-
ter into a grid (0.5◦× 0.5◦). Notably, at 02:00 LT on 26 and
22 July, high PM2.5 mass concentrations (∼ 70 µgm−3 dur-
ing the Haze I episode and ∼ 50 µgm−3 during the Haze II
episode) mainly occurred in the southern and southwestern
areas of Beijing, which were substantially higher than that in
Beijing city (∼ 10 µgm−3) (Fig. 8a–b and i–l). The heavily
polluted southern area of Beijing mainly included Baoding,
Langfang and Shijiazhuang, which are generally 60–300 km
away from Beijing (Fig. 2). The southerly air mass above
∼ 0.5 km moved faster than 20–30 km h−1 (estimated from
the measured wind speed) on 26 and 22 July, which was fast
enough to transport pollutants to Beijing in several hours.
As expected, the area with a high PM2.5 mass concentration
gradually spread northward corresponding to the southerly
winds; consequently, the highest PM2.5 level occurred in
Beijing at 20:00 on both 26 July (reaching ∼ 65 µgm−3)
and 22 July (reaching ∼ 80 µgm−3). This was consistent
with the PM2.5 increase trends at this time, as shown in

Fig. 3a. The average increase rate of the PM2.5 concentra-
tion (∼ 5.8 µgm−3 h−1) on 22 July was higher than that on
the 26 July (∼ 3.73 µgm−3 h−1), possibly related to the large
difference in the PM2.5 concentration between Beijing city
and the southern area of Beijing. These results are consis-
tent with the findings reported by Zhong et al. (2019). Thus,
multiple results implied that PM transportation by southerly
winds was primarily responsible for the PM increase at the
occurrence stage.

b. The effect of the atmospheric boundary layer
structure

As shown in Fig. 5a and b, in the mornings on 26 and 22 July,
the positive values of the virtual potential temperature gra-
dient (∂θv/∂z) and pseudoequivalent potential temperature
gradient (∂θse/∂z) at altitudes ranging from 0 to 2 km (the
Haze II period) and from 0 to 1 km altitude (the Haze I pe-
riod) indicated that a stable atmosphere layer was present.
Generally, with no solar radiation reaching the ground and
more upward longwave radiation emitted from the ground
at night, the surface cools faster than the upper atmosphere,
thus promoting a stable atmosphere. In response, the turbu-
lent kinetic energy (TKE) was extremely low (0–1 m2 s−2)
along with a low ABLH of∼ 0.5 km (Fig. 5c, d). This means
that on both 26 and 22 July, southern winds persisted as the
ABL structure was not conducive to vertical substance diffu-
sion. The stable ABL structure suppressing vertical pollution
diffusion also contributed to the occurrence of PM pollution
to a certain degree. Both ∂θv/∂z and ∂θse/∂z at an altitude
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Figure 4. Temporal variation in the vertical profiles of the (a) hori-
zontal wind vector (the white arrows denote wind vectors), (b) tem-
perature (T ), (c) absolute humidity (AH) and (d) relative humidity
(RH) at the BJ site from 22 to 27 July 2019 (the yellow box repre-
sents the light-haze pollution period, and the red box represents the
heavy-haze pollution episode).

ranging from 0 to 1.5 km became negative from 14:00 to
16:00 LT on 26 July, indicating an unstable atmosphere layer.
Generally, the high daytime solar radiation reaching the sur-
face may rebuild the vertical temperature structure and dis-
rupt the stable ABL, especially in summer (Andrews, 2000).
Thus, turbulence was quickly generated by the thermody-
namic activity with the TKE increasing to 2–3 s2 m−2 and
continuing to develop upwards, causing the ABLH to grad-
ually increase to ∼ 1.2 km. This ABL process explained the
slight fluctuations in the PM increase at this time in which
the PM10 mass concentration sharply decreased from 100 to
73 µgm−3. In contrast to the ABL condition on 26 July (the
Haze II stage), ∂θse/∂z was negative, but ∂θv/∂z was posi-
tive below ∼ 1.5 km in the afternoon on 22 July (the Haze I
stage). Combined with a low TKE (0–0.5 m2 s−2) similar
to that in the morning, the atmospheric stratification below
∼ 1.5 km remained absolutely stable. Maybe due to the low
solar radiation gradually heating the ground in the afternoon
under cloudy weather conditions, the original stable ABL
structure previously formed in the nighttime could not be
disrupted. All the above results imply that the ABL struc-

Figure 5. Temporal variation in the vertical profiles of the (a) virtual
potential temperature gradient (VPTG: ∂θv/∂z), (b) pseudoequiva-
lent potential temperature gradient (EPTG: ∂θse/∂z) and (c) turbu-
lent kinetic energy (TKE), along with the corresponding (d) atmo-
spheric boundary layer height (ABLH) at the BJ site from 22 to 27
July, 2019 (the yellow box represents the light-haze pollution pe-
riod, and the red box represents the heavy-haze pollution episode).

ture also plays a role in the PM increase at the occurrence
stage.

c. Secondary aerosol formation driven by a high
atmospheric oxidation capacity

When the PM2.5 concentration increased due to the strong
southerly winds in Beijing during the Haze II (Haze I) occur-
rence stage, O3 increased sharply, rapidly increasing from
67 (26) µgm−3 and peaking at 250 (131) µgm−3. As men-
tioned in Sect. 3.1, a high O3 concentration indicates a high
atmospheric photochemical reactivity (Li et al., 2012; Sein-
feld, 1986); thus, the atmosphere had a high oxidizing ca-
pacity with large amounts of free radicals (e.g., OH) and
ozone, which promoted secondary aerosol formation (Pathak
et al., 2009; Shi et al., 2015; Wang et al., 2016). Figure 6b
shows that along with the increase in PM2.5 concentration
during the occurrence stage, the organics, sulfate and nitrate
concentrations in PM2.5 also gradually increased. The aver-
age organics, sulfate and nitrate concentrations during the
Haze II (Haze I) occurrence stage were 15.6 (23.0), 10.0 (8.0)
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and 4.3 (24.7) µgm−3, respectively, and accounted for 40.7
(32.1) %, 25.3 (11.2) % and 12.2 (31.5) %, respectively, of
the PM2.5 concentration. The total sulfate, organics, and ni-
trate (SON) concentration accounted for more than 75 % of
the PM2.5 concentration during both the Haze II and Haze I
occurrence stages (Fig. 6c), implying that the SON increase
was the leading cause of the PM2.5 concentration increase.
Secondary organic aerosols can be formed by the photo-
chemical oxidation reactions of the VOCs emitted by vehi-
cles (Hennigan et al., 2011). Thus, the high concentration and
relative contribution of organics are mainly attributed to the
notably active photochemical reactions in summer and high
VOC emissions by vehicles in Beijing city. Due to the lack
of VOC data, the detailed formation mechanism of secondary
organics will be studied in the future. To examine the possi-
ble formation mechanism of secondary inorganic aerosols,
the sulfur oxidation ratio (SOR) and nitrogen oxidation ratio

(NOR) – defined as SOR=
[
SO2−

4

]/([
SO2−

4

]
+ [SO2]

)
and NOR=

[
NO−3

]/([
NO−3

]
+ [NO2]

)
, respectively, where

[ ] indicates the molar concentration – were adopted in this
paper. Higher SOR and NOR values suggest a higher oxi-
dation efficiency of sulfur and nitrogen, which means that
more secondary inorganic aerosols occur in the atmosphere
(Z. Liu et al., 2019; Han et al., 2019; Yao et al., 2002; Kong
et al., 2018; Sun et al., 2006).

Both homogeneous gas-phase and heterogeneous reac-
tions can promote the formation of sulfate from SO2 during
haze episodes (Khoder, 2002; Harris et al., 2013), thereby in-
creasing the SOR. Notably, the SOR values during the whole
observation period (from 22 to 27 July) were relatively high,
averaging 0.62, along with relatively low SO2 levels, averag-
ing 2.2 µgm−3 (Fig. 6a; d). The observed high SOR values
could be attributed to the relatively high RH (an average of
∼ 66.6 %) (Fig. 6e) and the ubiquitous photochemical reac-
tions in summer in Beijing (Han et al., 2019). Nevertheless,
compared to the very low PM level on clean days (on 25 July)
(Fig. 6d), the temporal variation in the sulfate concentration
on 26 July (the Haze II period) and 22 July (the Haze I pe-
riod) exhibited a distinct increasing trend during the occur-
rence stage, gradually increasing from 3.7 to 14.4 µgm−3 and
from 4.2 to 11.5 µgm−3, respectively. Moreover, the SOR
values also averaged ∼ 0.76 at higher levels during both the
Haze II and Haze I occurrence stages compared to clean
days, which attained an average of ∼ 0.55 (Fig. 6c). The re-
sults indicated enhanced secondary sulfate aerosol formation
during the occurrence stage. However, the PM level and sul-
fate concentration on clean days were very low, but the O3
concentration was relatively high (Fig. 6a), reaching up to
214 µgm−3, which implied highly active photochemical re-
actions. Thus, although the notable photochemical reactions
occurring during the daytime on 26 and 22 July facilitated
homogeneous gas-phase SO2 oxidation to a certain extent,
it was not the dominant reason for the sulfate increase dur-

Figure 6. Temporal variation in the (a) PM2.5, O3, NO2 and SO2
mass concentrations; (b) PM2.5 chemical composition, including
organics (Org), sulfate (SO2−

4 ), nitrate (NO−3 ), ammonium salt
(NH+4 ), chlorine salt (Cl−) and black carbon (BC) at the BJ site
from 22 to 27 July 2019. (c) Temporal variation in the relative con-
tributions of the chemical components to the PM2.5 mass concentra-
tion at the BJ site from 22 to 27 July 2019. (d) Temporal variation
in the mass concentrations of the dominant PM2.5 chemical com-
ponents, sulfur oxidation ratio (SOR) and nitrogen oxidation ratio
(NOR) at the BJ site from 22 to 27 July 2019. (e) Temporal varia-
tion in the relative humidity (RH) and temperature (T ) at the BJ site
from 22 to 27 July 2019 (the yellow box represents the light-haze
pollution period, and the red box represents the heavy-haze pollu-
tion episode).

ing the occurrence stage. Notably, the PM level and total
chemical component mass concentration slowly increased on
24 July with no pollution transportation by southern winds
(Figs. 3a, b; 7e–h; 8e–h), while the average sulfate concen-
tration was 2.8 µgm−3 and only accounted for 10.7% of the
PM2.5 concentration, which is far lower than that during the
Haze II period and similar to that on clean days. The aver-
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age RH values were 61.4 % and 75.3 % during the Haze II
and Haze I occurrence stages, respectively, which were also
higher than those on clean days (54.5 %). According to the
results mentioned above, the strong winds blowing from the
south and southwest of Beijing transport much moisture and
particles, and we infer that the increase in sulfate aerosols
during the Haze II and Haze I periods can be mainly at-
tributed to regional transport. Hence, the moisture and par-
ticles transported to Beijing further facilitated the heteroge-
neous reactions of SO2 on the moist aerosol surface. This
highlights the importance and urgency of enhancing joint re-
gional pollution emission control.

Nitrate is predominantly formed via both the homoge-
neous gas-phase photochemical reaction of NO2 with OH
radicals in the daytime when the photochemical activity is
high (Wang et al., 2006; Wen et al., 2018; Seinfeld and
Pandis, 2006) and the heterogeneous hydrolysis reaction of
NO3 and N2O5 in the atmosphere in the nighttime (Richards,
1983; Russell et al., 1986; Wang et al., 2009; H. Wang et
al., 2017; Pathak et al., 2011). In addition, there exists an
equilibrium between particulate nitrate and gaseous HNO3
and NH3 in the atmosphere, because ammonium nitrate is
semivolatile (Seinfeld, 1986). A high temperature could pro-
mote ammonium nitrate decomposition; thus, the regional
transport of ammonium nitrate in summer was not consid-
ered (Li et al., 2019). Figure 6b and d reveal that the nitrate
concentration (NOR) during the occurrence of the Haze II
stage slightly increased from 3.2 µgm−3 (0.09) at 08:00 LT
to 5.2 µgm−3 (0.23) at 22:00 LT. The nitrate concentration
(NOR) during the Haze I occurrence stage sharply increased
from 2.7 µgm−3 (0.02) at 08:00 LT to 38.1 µgm−3 (0.36)
at 16:00 LT. The nitrate concentration and relative contribu-
tion to PM during the Haze I period were markedly higher
than those during the Haze II period (Fig. 6c). This incon-
sistency could be attributed to the higher temperature (aver-
aging ∼ 34◦) during the Haze II period than that during the
Haze I period (averaging ∼ 27◦) (Fig. 6e). These results in-
dicated that strong photochemical reactions facilitated nitrate
formation, thereby increasing the PM2.5 level, while nitrate
decomposed into gaseous HNO3 and NH3 once the tempera-
ture was high enough. After 15:00 LT, the nitrate concentra-
tion increased in the presence of large amounts of radicals,
and the temperature drop inhibited the reverse reaction. In
the nighttime, the increase in nitrate aerosols was predomi-
nantly attributed to the heterogeneous hydrolysis reactions of
NO3 and N2O5 in the atmosphere; more details are provided
in the next section.

3.2.2 The outbreak stage

The PM2.5 mass concentration suddenly increased from
75 µgm−3 at 22:00 LT on 26 July to 146 µgm−3 at 04:00 LT
on 27 July and remained high at ∼ 150 µgm−3 until
10:00 LT, which was identified as the outbreak stage of
haze pollution (Fig. 3a). Compared to the atmospheric BSC

ranging from 2.5 to 3 Mm−1 sr−1 on 26 July, the ambient
particle concentration below the ∼ 0.5 km altitude sharply
increased the atmospheric scattering coefficient, exceeding
6 Mm−1 sr−1 (Fig. 3b).

a. The almost negligible contribution of southerly
transport

There were still strong southerly winds controlling Beijing
at high altitudes (> 0.5 km), accompanied by a more notable
vapor transportation channel below (Fig. 7m, n). However,
the PM levels in the southern and southeastern areas of Bei-
jing, ranging from 0 to∼ 60 µgm−3, were significantly lower
than those (> 80 µgm−3) in Beijing, even below air qual-
ity standards (Fig. 8m, n). It was unlikely that the explosive
PM growth and the persistent high PM level in Beijing were
caused by pollution transportation.

b. Extremely stable ABL structures are a prerequisite
for pollution outbreaks

Without pollution transportation, more attention was focused
on the interior of the local ABL, and Fig. 5 shows the tem-
poral variation in the ABL structure. Both the ∂θv/∂z and
∂θse/∂z values became positive (∼ 1.5 and∼ 2.5◦ per 100 m,
respectively) below the ∼ 0.3 km altitude, as depicted in
Fig. 5a and b. This implied that a very stable lower layer
defined as the nocturnal stable boundary layer (NSBL) had
formed with an ABLH of ∼ 0.3 km. Due to the notable ra-
diation effect of the already high aerosol loading during the
daytime, the surface solar radiation was greatly blocked and
reduced, which promoted stable stratification at midnight
(Zhao et al., 2019; Zhong et al., 2017). In such a thermally
stable state, the buoyancy transport heat flux in the atmo-
sphere continuously consumes turbulent energy, suppressing
the development of turbulence. Therefore, the corresponding
TKE had sharply decreased compared to that from 14:00–
16:00 LT on 26 July, lower than ∼ 0.5 m2 s−2 and even ap-
proaching ∼ 0 m2 s−2 (Fig. 5c, d). However, the ∂θv/∂z and
∂θse/∂z values were positive and negative, respectively, from
∼ 0.3 to ∼ 1.5 km, which implies that this atmospheric layer
was conditionally unstable. Considering the very low TKE
like that below∼ 0.3 km, this layer, referred to as the residual
layer, was also absolutely stable. Thus, the ambient particles
were restrained from vertically spreading and were concen-
trated below the NSBL, thereby increasing the ground PM
level. Similarly, ambient water vapor was also not conduc-
tive to dispersed, which explained the extremely high hu-
midity during this period. As shown in Fig. 4c and d, the
atmospheric humidity during the outbreak stage was dis-
tinctly higher than that on 26 July with the AH (RH) reaching
∼ 20 g m−3 (∼ 90 %). In contrast to the role of the moisture
transport channel, the unique NSBL structure has a more no-
table impact on the increase in air humidity.
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Figure 7. Composites of the 850 hPa horizontal wind vector field (units: m s−1; white arrows), 850 hPa geopotential height field (units: m;
solid lines) and 850 hPa specific humidity field (units: g kg−1; shaded colors) at 02:00, 08:00, 14:00 and 20:00 LT on 22, 24 and 26–27 July,
labeled as (a–p). The star shows the location of the BJ site.

In contrast, during the Haze I period on 22 July, no PM
pollution outbreak stage occurred, as the PM2.5 mass concen-
tration had sharply decreased from 131 to 53 µgm−3 in 1 h
since 21:00 LT. The ambient particles did not accumulate and
maintained a high level, similar to that during the Haze II pe-
riod, because the ABL structure did not exhibit similar char-
acteristics. The already high PM2.5 level (∼ 130 µgm−3) in
the daytime accelerated surface cooling, causing the NSBL
to more readily form at a very low height of ∼ 0.2 km. This
situation was similar to that during the Haze II episode. Nev-
ertheless, the TKE above the NSBL was very high, reach-

ing 2–3 m2 s−2, in notable contrast to that during the Haze II
episode, where the TKE was extremely low (∼ 0 m2 s−2)
across the whole 0–1.5 km layer. The vertical temperature
structures above the NSBL indicated that the atmosphere had
attained conditional instability, while in terms of the TKE
distribution the atmospheric stratification above the NSBL
during the Haze I period was unstable in contrast to the sta-
ble stratification during the Haze II period. Because it rained
at night with a high AH (15–20 g m−3) and RH (> 90 %) ex-
tending from the surface up to an altitude of∼ 3 km, the con-
vection activity was quite strong accompanied by a wet de-
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Figure 8. The PM2.5 mass concentration distribution (units: µgm−3; shaded colors) over most of China at 02:00, 08:00, 14:00 and 20:00 LT
on 22, 24 and 26–27 July, labeled as (a–p).

position process. Due to the unstable ABL structure and the
accompanying wet deposition, the ambient particle concen-
tration did not sharply increase, but particles were instead
removed from the atmosphere.

Noted is that the PM level on 24 July also tended to in-
crease, but it suddenly decreased similar to that during the
Haze I stage. There was no transportation effect contributing
to the increase in PM level on 24 July under westerly cir-
culation field control (Fig. 7e–h). Similar to the Haze I and
Haze II occurrence stages, a stable atmosphere near the sur-
face had formed with positive ∂θv/∂z and ∂θse/∂z values.
Under this stable stratification, the PM from local emissions
started increasing on 24 July. The anomalous vertical tem-
perature structures during the nighttime were disrupted and
transformed into unstable stratifications at the daytime, with
negative ∂θse/∂z (∂θv/∂z) profiles. As observed during the
Haze II episode, the ABL structure characterized by an in-
creased TKE (2–3 m2 s−2) and elevated ABLH (∼ 1.5 km)

resulted in rapid pollution dissipation. However, the differ-
ence between the Haze II process and the pollution process
on 24 July was that the unstable atmospheric stratification
with a high TKE on 24 July continued to develop until the
end of the day, while, for the Haze II process, this condi-
tion lasted only 2 or 3 h at noon. Additionally, an NSBL
was established at midnight during the Haze II process at
an ABLH of ∼ 0.3 km, thus worsening the near-stratum ver-
tical diffusion conditions. Therefore, the subsequent stable
atmospheric stratification on 26 July was a prerequisite for
the pollution outbreak during the Haze II process. Particles
would not accumulate and cause pollution outbreak without
a stable ABL structure but were easily removed by the self-
cleaning capacity of the atmosphere.
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c. Intense secondary aerosol formation driven by the
atmospheric oxidation capacity causing the pollution
outbreak

Heterogeneous aqueous reactions refer to the secondary for-
mation of sulfates and nitrates largely related to the ambient
humidity (Wang et al., 2012). The accumulation of water va-
por in the NSBL facilitated secondary aerosol formation and
further promoted the outbreak of PM pollution. To investi-
gate the explosive growth mechanisms, we divided the PM
pollution outbreak stage during the Haze II process into two
stages: stage I from 22:00 on 26 July to 04:00 LT on 27 July
and stage II from 05:00 to 10:00 LT on 27 July. During
stage I, along with the explosive growth in PM2.5, the nitrate
concentration rapidly increased from 11.6 to 57.8 µgm−3,
while sulfate and organics slightly increased from 13.7 to
19.8 and from 21.8 to 24.9 µgm−3, respectively (Fig. 6d).
During stage II, the nitrate concentration remained at its
highest level of ∼ 57 µgm−3, and the sulfate level remained
at ∼ 19 µgm−3, with the organics slowly decreasing (Fig.
6d). The explosive growth trend of nitrate is the most con-
sistent with that of PM2.5. In addition, the average organics,
sulfate and nitrate concentrations during the whole outbreak
stage were 20.6, 15.9 and 43.0 µgm−3, respectively, and ac-
counted for 22.0 %, 17.8 % and 34.9 %, respectively, of the
PM2.5 concentration. Compared to the occurrence stage, the
relative contributions of organics and sulfate to PM2.5 de-
creased significantly, while the contribution of nitrate notably
increased. These results indicated that the explosive PM2.5
concentration growth was driven by the sharp increase in
nitrate concentration. With strong photochemical reactions
during the daytime, the O3 mass concentration was very high
before the outbreak stage (up to 214 µgm−3). NO2 was pro-
duced by O3 reacting with a large amount of NO, which
was discharged by vehicles during evening hours. NO2 re-
acted with O3 aloft to form NO3, which rapidly reacted with
NO2 to form N2O5 at night. During stage I, NOR rapidly
increased from 0.26 to 0.60, which implied that the NO2 ox-
idization rate sharply increased within a few hours. Consid-
ering that NO2 remained relatively low at ∼ 25 µgm−3 and
O3 rapidly decreased from 214 to 46 µgm−3 during stage I
(Fig. 6a), the consumption process of NO2 was more signifi-
cant than its generation process. The NO2 produced through
O3 consumption was constantly oxidized by O3 to gener-
ate a large amount of N2O5, resulting in a sharp decline in
the O3 concentration. Once N2O5 was produced, it would
be adsorbed onto moist particle surfaces and react with wa-
ter droplets to form nitrate, resulting in a sudden nitrate in-
crease from 11.6 to 57.8 µgm−3. During stage II, O3 slowly
decreased to 34 µg m−3 at 06:00 LT on 27 July, and NO2 re-
mained relatively high (44–51 µgm−3), which meant that the
NO2 generation process dominated. Thus, the oxidization of
NO2 did not further increase as the NOR remained at ∼ 0.45
during stage II. Hence, nitrate, formed along the pathway
whereby N2O5 was adsorbed onto surfaces and reacted with

water droplets, did not further increase, maintaining its high-
est mass concentration of ∼ 57 µgm−3. The processes men-
tioned above were unimportant during the daytime, because
N2O5 was in equilibrium with NO3; that is, NO3 was pho-
tolyzed and rapidly destroyed by NO, which in turn occurred
whenever NOx and sunlight were present. During stages I
and II, the SOR always remained relatively high at ∼ 0.95,
accompanied by a high RH of ∼ 90 %. A high SOR and
RH signified that heterogeneous reactions dominated the for-
mation of particulate sulfate during the outbreak stage. The
increased sulfate amount, which was lower than that of ni-
trate, may be related to the low SO2 emissions and massive
NO emissions from the large number of vehicles. This high-
lights the importance and urgency of enhancing NOx (vehi-
cle) emission control.

Contrary to expectations, after the wet deposition process
during the Haze I period, the PM2.5 and NO2 concentra-
tions and the total chemical composition abruptly increased
at 00:00 LT on 23 July, accompanied by a sharp increase in
nitrate and NOR (from 9.3 to 41.5 µgm−3 and from 0.26 to
0.49, respectively). These results may be related to the high
RH (higher than 93 %), which facilitated the heterogeneous
hydrolysis reaction of NO3 and N2O5, formed from gas pol-
lutants NOx and O3 not completely removed in the wet de-
position process.

3.2.3 The diffusion stage

After 10:00 LT on 27 July, the PM2.5 mass concentration
sharply decreased to 50 µgm−3 over 3 h, during which the
atmospheric BSC decreased to < 1× 103 Mm−1 sr−1 across
the whole ABL (Figs. 3 and 8o and p). This represented the
pollution diffusion stage. As no wet deposition process oc-
curred, the Haze II diffusion stage was different from that of
Haze I. Generally, the arrival of strong and clean air masses
from the south is the main factor dissipating air pollution in
Beijing (Zhong et al., 2017, 2018; Zhao et al., 2019). Calm
and light winds in the lower layer dominated during the out-
break stage, while sudden increased southeastern winds per-
sisted in the 0–2 km layer after 08:00 LT on 27 July, with
a wind speed of 6–9 m s−1 (Figs. 7n–q and 4a). The south-
eastern winds originated from the Bohai Sea and the Yellow
Sea. Moreover, during this diffusion stage, the air quality of
the southeast of Beijing was basically clean or much better
than that in Beijing (Fig. 8n–p). Therefore, strong southeast-
ern winds would not bring pollutants aggravating the pollu-
tion in Beijing but instead played a role in the horizontal dif-
fusion of the accumulated PM at the surface. On the other
hand, accompanied by the horizontal diffusion, the strong
solar radiation at noon reached the surface and changed the
vertical temperature structure. The ABL was extremely un-
stable in terms of both ∂θv/∂z and ∂θse/∂z, which were neg-
ative below ∼ 1.0 km with values of −0.5 and −2.5◦ per
100 m, respectively (Fig. 5a and b). Along with this insta-
bility, the development of turbulence in the ABL was very
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strong and quick, with the TKE suddenly increasing to 3–
5 m2 s−2 (Fig. 5c). Accompanied by pronounced turbulence
development, the ABL continuously developed upward with
the ABLH up to ∼ 2.5 km over a short time (Fig. 5d). The
ABL structure quickly became extremely suitable for verti-
cal pollutant diffusion; thus, the PM level sharply decreased
during this time.

In contrast to PM2.5, the O3 concentration rapidly in-
creased with increasing radiation, along with the high NO2
and NO concentrations attributed to morning traffic emis-
sions. Along with the decline in PM2.5, organics and sulfate
slowly decreased to below∼ 3 µgm−3, and nitrate decreased
to below 1.0 µgm−3. The average organics, sulfate, and ni-
trate concentrations were as low as 6.8, 6.2 and 1.9 µgm−3,
respectively, and accounted for 33.0 %, 32.3 % and 6.0 %,
respectively, of the PM2.5 concentration. As the significant
turbulence activity caused vertical transportation of vapor,
heat and particles, the RH decreased to∼ 60 %, accompanied
by a decline in SOR (∼ 0.75). This emphasized the notable
correlation between the humidity and the heterogeneous for-
mation mechanism of sulfate. In addition, the NOR rapidly
decreased from 0.22 to 0.01, coinciding with the change in
nitrate. At this stage, the temperature always remained high
at ∼ 35◦. Thus, similar to the occurrence stage, ammonium
nitrate evaporated at high temperatures, contributing to a de-
cline in nitrate. In summary, during the diffusion stage, the
unstable ABL structure was not only conducive to pollution
diffusion but also affected T and RH to inhibit secondary
aerosol formation and further reduced secondary aerosols.

Regardless of the wet deposition process during the Haze I
period or the horizontal and vertical diffusion during the
Haze II period, air pollution eventually dissipated as long
as the atmosphere was in a specific state. In other words,
this implies that the self-cleaning capacity of the atmosphere
was responsible for air pollution dispersion. When the atmo-
sphere attains a specific state, its self-cleaning capacity re-
moves pollution. To examine this phenomenon, the key fac-
tors characterizing the self-cleaning capacity of the atmo-
sphere should be determined first. As analyzed above, once
the TKE increased to > 1.5–2 m2 s−2, the ABLH increased
and exceeded ∼ 1 km and the ∂θv/∂z and ∂θse/∂z values be-
came negative, as well as no calm or light winds persisted.
The atmosphere was unstable with notable turbulence activ-
ities and advection transport, and air pollution was immedi-
ately dissipated. Owing to the limited observation time, the
results regarding the characteristics of the self-cleaning ca-
pacity of the atmosphere may not be universal, and a more
comprehensive investigation on the self-cleaning capacity of
the atmosphere will be conducted in the future.

4 Conclusion

The extremely serious haze pollution episode characterized
by alternating and synchronous heavy PM loadings and high

ozone concentrations occurred in summer in Beijing. Com-
bined with a series of observations, the formation mechanism
of haze pollution under a high atmospheric oxidization ca-
pacity has been systematically analyzed in terms of the at-
mospheric physical and chemical processes and schemati-
cally depicted in Fig. 9. The occurrence of haze pollution in
summer in Beijing was mainly attributed to southerly trans-
port and influenced by the ABL structure to a certain degree
(physical process), which was further promoted by intense
secondary aerosol formation under a high atmospheric ox-
idation capacity (chemical process). On the one hand, the
physical process, where large amounts of moisture and par-
ticles were transported to Beijing by strong southerly winds,
caused haze pollution initiation in Beijing, consistent with
previous studies, e.g., Huang et al. (2017) and Zhong et
al. (2019). Moreover, we found that haze pollution occurred
when the ABL structure was extremely stable with a low
TKE and a positive potential temperature gradient (∂θ/∂z),
which increased the PM level in Beijing. The stable ABL was
disrupted and transformed into an unstable structure (nega-
tive ∂θ/∂z) with high solar radiation in the afternoon (An-
drews, 2000), responsible for the fluctuations in the PM in-
crease process. On the other hand, the concentration of sec-
ondary aerosols such as sulfate, nitrate, and organics quickly
increased. The very high O3 concentration in the daytime in-
dicates an active atmospheric photochemical reactivity (Li
et al., 2012; Seinfeld, 1986) and a high atmospheric ox-
idizing capacity with large amounts of free radicals (e.g.,
OH) and ozone, which promotes secondary aerosol forma-
tion (Pathak et al., 2009; Shi et al., 2015; Wang et al., 2016).
However, we found that the distinct increase in sulfate con-
centration was mainly linked to southerly transport, which
carried heavy sulfate aerosol loadings to Beijing. The physi-
cal process – where the extremely stable ABL inhibited PM
and moisture diffusion, thus increasing the ambient humidity
and ground-level PM2.5 – was a prerequisite for haze pollu-
tion outbreak. Under a stable ABL, secondary aerosol for-
mation dominated by nitrate was quite intense, driving the
pollution outbreak. The PM levels in the southern and south-
eastern areas of Beijing were significantly lower than those in
Beijing, even below air quality standards. The contribution of
pollution transport was negligible. Owing to the already high
PM2.5 level during the daytime, the strong aerosol radiation
effect cooled the surface and heated the above layer (Dick-
erson et al., 1997; Stone et al., 2008; Wilcox et al., 2016),
which facilitated NSBL formation. The ∂θ/∂z value in the
NSBL was thus found to be positive, thus increasing the
atmospheric stability, decreasing the ABLH and decreasing
the TKE. The ambient particles and moisture would be re-
strained from vertically spreading and became concentrated
below the NSBL (Stone et al., 2008), resulting in elevated
PM and humidity levels at the surface. In addition, there
was a large increase in NOR and an explosive growth in the
nitrate concentration during the outbreak stage. Due to the
high O3 level produced by the intense photochemical reac-
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Figure 9. Schematic diagram for the formation mechanism of haze pollution under a high atmospheric oxidization capacity in summer in
Beijing (dashed blue line: atmospheric boundary layer; solid red lines: potential temperature gradient profiles; solid brown line: temporal
change curve of the ozone concentration; solid cyan line: temporal change curve of the PM2.5 mass concentration; gray arrow sectors:
temporal change in the wind vector profiles; TKE: turbulence kinetic energy; solid dots: particulate matter in the atmosphere; and droplets:
water vapor).

tions during the daytime and the NOx discharged by vehi-
cles during evening peak hours, vast amounts of N2O5 and
NO3 were formed through oxidization reactions (Chang et
al., 1967; Wilson Jr et al., 1972). Under a very high humid-
ity, the heterogeneous hydrolysis reactions of N2O5 and NO3
at the moist particle surface were very notable, resulting in
the formation of large amounts of nitrate aerosols (Richards,
1983; Russell et al., 1986; Wang et al., 2009; H. Wang et
al., 2017; Pathak et al., 2011). Considering that pollutant
transport from outside considerably affected haze formation
in Beijing, especially during the occurrence stage, continu-
ous regional joint control of air pollution should be enhanced.
In addition, as reported in previous studies (Li et al., 2012;
Pathak et al., 2009; Seinfeld, 1986; Shi et al., 2015; Wang et
al., 2016; Zhong et al., 2018) and confirmed in this study, the
atmospheric oxidization capacity, enhanced by photochemi-
cal reactions, largely facilitated secondary aerosol formation,
which further aggravated pollution. In this study, secondary
organic aerosols and secondary nitrate aerosols significantly
increased and were the most important constituents of par-
ticles during the haze episodes. Photolysis of NOx triggers
photochemical reactions, in which the reactions with VOCs
are important (Hennigan et al., 2011; Seinfeld and Pandis,

2006; Wang et al., 2006; Wen et al., 2018). Additionally,
NOx and VOCs are precursors of nitrate and organics, re-
spectively. Thus, controls should be strengthened for super-
vising heavy diesel vehicles and collaboratively controlling
NOx and VOC emissions. As the PM level gradually in-
creased, a wet deposition process and an extremely unstable
ABL structure were observed on 22 July (the Haze I period)
and 24 July, respectively, and the ambient particles sharply
decreased before the outbreak stage. This emphasized that
the ABL structure extremely restrained the diffusion of sub-
stances and was a prerequisite for pollution outbreaks, with
clean and strong winds passing through Beijing, the ABL
becoming unstable with a negative ∂θ/∂z value and an in-
creased ABLH. The high turbulence activity promoted pol-
lution diffusion. Regardless of the wet deposition process or
the high turbulence activity, air pollution would eventually
dissipate once the atmosphere was in a specific state. The
self-cleaning capacity of the atmosphere was responsible for
air pollution diffusion. When the atmosphere is in a specific
state, its self-cleaning capacity becomes dominant, which is
worthy of further study.
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China National Environmental Monitoring Center, 2020). Atmo-
spheric reanalysis data were obtained from the National Centers for
Environmental Prediction (NCEP) (https://www.esrl.noaa.gov/psd/
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tory, 2020). The other datasets can be obtained upon request from
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