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Abstract  The North China Plain (NCP) is troubled by severe haze pollution and the evolution of haze pollution is closely
related to the atmospheric boundary layer (ABL). However, experimental and theoretical studies on the physical-chemical
processes of the ABL in the NCP are lacking, with many scientific problems to be addressed. To solve these problems, the
Comprehensive Observation on the Atmospheric boundary layer Three-dimensional Structure (COATS) during haze pollution
was carried out in the NCP from 2016 to 2020. The COATS experiment adopted a “point-line-surface” spatial layout, obtaining
both spatial-temporal profiles of the meteorological and environmental elements in the ABL and the turbulent transport data of
fine particulate matter (PM, s) in winter and summer. The research achievements are as follows. The spatial-temporal distribution
characteristics of the ABL structure and PM, s concentrations in the NCP were determined. The typical thermal structure of
persistent heavy haze events and the pollutant removal mechanism by low-level jets were revealed. It was determined that the
spatial structure of the ABL adjusted by the Taihang Mountains is responsible for the heterogeneous distribution of haze
pollution in the NCP, and that mountain-induced vertical circulations can promote the formation of elevated pollution layers. The
restraints of the atmospheric internal boundaries on horizontal diffusion of pollutants were emphasized. The contribution of the
ABL to haze pollution in winter and summer was qualitatively compared and quantitatively estimated. The turbulent transport
nature behind the relationship between the atmospheric boundary layer height (ABLH) and surface PM, 5 concentrations was
analyzed. The concept of “aerosol accumulation layer” was defined, and the applicability of the material method in determining
ABLH was clarified. A measurement system for obtaining the turbulent flux of PM, 5 concentrations was developed, and the
turbulence characteristics of PM, s concentrations were demonstrated. The COATS experiment is of great theoretical sig-
nificance for thoroughly understanding the physical mechanisms of the ABL during haze pollution and filling the knowledge gap
on the impacts of the ABL three-dimensional structure on haze pollution. The results of this study are conducive to the
improvement and development of ABL parameterization schemes and serve as a scientific basis for formulating regional
pollution prevention and control measures.
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1. Introduction

Haze events frequently occur in the North China Plain
(NCP), one of the regions with the most severe haze pollu-
tion in China (Fan et al., 2020; Guo et al., 2020). The evo-
lution of the atmospheric boundary layer (ABL) structure
directly affects the diffusion and transport of pollutants be-
tween the ground and atmosphere and controls the chemical
transformations of aerosols. The ABL plays a critical role in
the generation and dissipation of haze pollution, and influ-
ence the accumulation of pollutants. Thus, the interaction
between the ABL and haze pollution has attracted extensive
attention among researchers (Zhong et al., 2018a; Miao et al.,
2019). The NCP is bounded by the Taihang Mountains and
Yanshan Mountains to the west and north and is adjacent to
the Bohai Sea to the east. Due to orographic forcing and the
differences in thermal properties between land and sea, the
meteorological conditions of the ABL in the NCP are spa-
tially heterogeneous, with complex mountain-plain wind
patterns and sea-land wind circulations. The haze pollution
in the NCP is often characterized by long duration, region-
ality, spatial heterogeneity, and explosive growth in pollutant
concentrations (Guo et al., 2014; Li et al., 2015; Bei et al.,
2017, 2020; Cai et al., 2017; Zhong et al., 2018b).

Many field experiments have been conducted on aerosol
physical properties, chemical transformation mechanisms,
and turbulent transport patterns in the NCP with the support
of the National Natural Science Foundation of China and the
National Key Research and Development Program of China,
aiming to clarify the physical-chemical processes within the
ABL and their interactions with haze pollution (Wang et al.,
2015; Quan et al., 2020). For instance, long-term observa-
tions on gradients of meteorological elements, pollutants,
and atmospheric turbulence have been performed based on
the platforms of the 325 m meteorological tower in Beijing
and 255 m meteorological tower in Tianjin to analyze the
turbulent transport of pollutants (Qu et al., 2014; Li et al.,
2018). From 2001 to 2003, the Chinese Academy of Me-
teorological Sciences led the “Beijing City Air Pollution
Experiment” explored the structural characteristics and
physical-chemical processes of the ABL during haze pollu-
tion, depicting comprehensive physical images of the “air
dome” (Xu et al., 2004, 2006). In 2006, Peking University
organized the international cooperative research program
“Campaign of Air Quality Research in Beijing and Sur-
rounding Region” to investigate the physical-chemical

properties, chemical transformations, and health impacts of
aerosols (Liu et al., 2009; van Pinxteren et al., 2009). The
field experiment “Haze in China”, conducted in the northern
part of the NCP in 2009, focused on the optical properties,
hygroscopicity, and radiative effects of aerosols, and im-
proved the aerosol parameterization scheme (Ma et al., 2011;
Chen et al., 2012; Deng et al., 2013). From 2015 to 2017, the
Institute of Urban Meteorology, China Meteorological Ad-
ministration, organized the “Study of Urban Impacts on
Rainfall and Fog/Haze” in the Beijing-Tianjin-Hebei region.
The sources, transport processes, and chemical transforma-
tions of aerosols during the winter haze pollution periods in
Beijing were analyzed in detail with comprehensive ob-
servations of the ABL, atmospheric turbulence, and parti-
culate matter concentrations (Liang et al., 2018). The
“Multiphase chemistry experiment in Fogs and Aerosols in
the North China Plain” was carried out in Gucheng, Hebei
Province, China, from 2017 to 2018, and enhanced the un-
derstanding of the physical-chemical mechanisms for aerosol
generation, especially the contribution of heterogeneous
chemical reactions to fog-haze weather (Li G et al., 2021). In
the winter of 2018, multi-platform cooperative observations
on atmospheric pollutants under the project “vertical detec-
tion technologies for air pollution in the terrestrial planetary
boundary layer” funded by the National Key Research and
Development Program of China were conducted in the
Beijing-Tianjin-Hebei region. The influence of the ABL
structure on pollutant transport and diffusion in the NCP was
explored using a combination of single-station, fixed-point
observations with tethered balloons, and meteorological
towers, and cruise observations with fixed-wing aircraft and
LiDAR (Liu et al., 2019; Sun et al., 2021).

Although previous studies have enriched our under-
standing of the physical-chemical processes in the ABL
during haze pollution, experimental measurements and the-
oretical studies still have many limitations. For field ob-
servations, there have been few reports on high-resolution
simultaneous observations of the vertical distribution of the
ABL meteorological elements and pollutants. Complete
physical images reflecting boundary layer processes during
haze pollution cannot be captured through ground-based or
meteorological tower-based observations, making it difficult
to analyze the transport and diffusion of pollutants in the
entire ABL, especially the upper ABL. Theoretical studies
mainly focus on describing the ABL structure during haze
pollution, yet the influencing mechanism of the evolution of
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the ABL structure on the vertical distribution of pollutants
needs to be further explored (Liu et al., 2015; Peng et al.,
2016; Li et al., 2019). In the NCP, persistent heavy haze
pollution also occurs in summer (Cao et al., 2015; Xu et al.,
2020). However, studies on summertime haze pollution were
rare and available studies primarily focused on the physical-
chemical properties of aerosols. Thus, we still have little
knowledge of the meteorological mechanisms of the ABL
under haze conditions in summer. The Taihang Mountains
have an adjusting effect on the meteorological conditions of
the ABL in the NCP, resulting in the heterogeneous spatial
distribution of haze pollution, and the polluted air masses
usually have distinct boundaries (Zou et al., 2018; Yu et al.,,
2019; Jin et al., 2022a). Most experimental studies on haze
pollution in the NCP are based on single-station measure-
ments, so it is difficult to understand the entire ABL spatial
structure or the complete spatial distribution pattern of haze
pollution. The impact of the heterogenous spatial structure of
the ABL and complex local circulations on haze pollution
distribution in the mountain front regions of the NCP is still
not clear, and the unique phenomenon of the polluted air
masses is not yet elucidated. The LiDAR-based boundary
layer inversion method has been widely applied, but the in-
version results often differ from the conventional concept of
the ABL (Shi et al., 2020; Su et al., 2020). The applicability
and physical significance of the material method to de-
termine the atmospheric boundary layer height (ABLH) need
to be further elucidated. In addition, there have been few
reports on experimental measurements of turbulent fluxes of
pollutants, and there is a knowledge gap on the turbulent
transport characteristics of fine particulate matter (PM, )
(Ren et al., 2019a). Due to the insufficient understanding of
local-scale physical processes in the ABL and local circu-
lation patterns at the mountain front, as well as the unclear
turbulent transport pattern of particulate matter, it is difficult
to simulate heavy haze pollution events accurately using air
quality models (Wang et al., 2014; Liang et al., 2018).
Given the above scientific problems, Peking University,
together with the Chinese Academy of Meteorological Sci-
ences and the Institute of Atmospheric Physics, Chinese
Academy of Sciences, carried out the experiment “Com-
prehensive Observation on the Atmospheric boundary layer
Three-dimensional Structure” (COATS) during haze pollu-
tion in the NCP from 2016 to 2020. This experiment aims to
deeply reveal the influencing mechanisms of the ABL on
haze pollution processes, investigate the impact of hetero-
genous boundary layer structure on the spatial-temporal
distribution of haze pollution, clarify the effects of seasonal
variations of the boundary layer meteorology on haze pol-
lution, determine the ABLH more accurately and obtain the
turbulent transport features of PM,s. The COATS experi-
ment periods covered winter and summer seasons, with a
“point-line-surface” spatial layout. As the vertical profiling
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of the ABL was combined with ground-based observations,
the meteorological and environmental element profiles of the
ABL in the NCP in different seasons and the PM, 5 turbulent
transport data were comprehensively obtained. The results
provided valuable data for studying the ABL, weather, and
climatic conditions in the NCP and enriched our under-
standing of the ABL three-dimensional structure in the NCP
and its influences on haze pollution. These results are of
great theoretical significance for properly understanding the
mechanisms of the ABL structure evolution on haze gen-
eration, accumulation, and dissipation. This study facilitates
the improvement and development of the ABL para-
meterization scheme applicable to haze pollution periods,
and provides an observation basis for correcting the biases of
haze pollution simulations using air quality models, which is
critical for raising air quality forecasting capacity. It also
provides a scientific basis for formulating air pollution pre-
vention and control measures in the NCP region.

2. COATS experiment layout

The design of the COATS experiment was based on nu-
merical modeling results from previous studies, which
showed that the air pollution potential tends to increase from
the northwest to the southeast of the NCP and that potential
source area (footprint) of persistent heavy haze pollution
tends to spread along the Taihang Mountains toward the
southwest (Zou et al., 2018; Yu et al., 2019). Attracted by the
spatial heterogeneity of the ABL structure and the distribu-
tion of haze pollution in front of the Taithang Mountains,
researchers designed the COATS experiment as follows. In
terms of observation methods, the experiment adopted a
newly developed sounding system that contains a particulate
concentration sensor so that profiles of meteorological ele-
ments and PM, 5 concentrations can be measured simulta-
neously. At the same time, atmospheric turbulence and
radiation measurements were carried out at the ground level
to obtain the turbulent transport features of heat, moisture,
energy, and PM, s in the surface layer. According to the ex-
perimental design, the COATS experiment was implemented
step by step, with a total of three stages: “point”, “line”, and
“surface”. The “point-line-surface” layout of the COATS
experiment is illustrated in Figure 1. First, from 2016 to
2018, multiple phases of “point” experiments were con-
ducted at pre-existing experimental bases of Cangzhou and
Dezhou, during which the observation instruments were
tested, the technique to measure the profiles of meteor-
ological elements and PM, 5 concentrations using the newly
developed particulate sounding system was proved to be
mature, and the basic structural characteristics of the ABL in
the NCP were obtained. On this basis, the “line” experiment
was implemented in the summer of 2019, with observations
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Figure 1 Distribution of COATS experimental stations in the NCP. BJ:
Beijing; TN: Tuonan; BD: Baoding; RQ: Rengqiu; CZ: Cangzhou; BZ:
Bazhou; DZ: Dingzhou.

simultaneously performed at three stations in front of the
Taihang Mountains to examine the reasonability of the ob-
servation site layout and the reliability of the systematic
particulate sounding system. With Baoding station, a pollu-
tion center at the mountain front, as the center, Renqiu and
Tuonan stations were established at about 50 km to its east
and west. Experimental results have shown that the spatial
heterogeneity of the ABL can be successfully captured with
such a station spacing, and the contribution of the ABL to
persistent haze pollution in summer was investigated. Based
on the “line” experiment, a “surface” experiment with an
observation network consisting of six stations was im-
plemented in the winter of 2019. The cross-shaped ob-
servation network was centered at Baoding and the spacing
between adjacent stations was about 50—80 km. The three-
dimensional structural image of the ABL at the mountain
front in the NCP was obtained to explore the spatial het-
erogeneity of the ABL structure and haze pollution dis-
tribution.

Unlike previous experimental studies on haze pollution in
the NCP, the COATS experiment focused on the spatial
structure of the ABL and the turbulent exchange of pollutants
between ground and atmosphere in the mountain front area.
The boundary layer profiling was conducted together with
ground-based observations, and the particulate sounding
system was used to measure the meteorological and en-
vironmental elements simultaneously in the ABL, avoiding
the use of ground-based remote sensing equipment which
may cause greater inversion errors. The observation periods
covered winter and summer, and the study area was mon-
itored with a “point-line-surface” experiment layout. During
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the experiment, more than 3000 sets of boundary layer
profiles containing PM, 5 concentration data were collected,
and the profile data of long time series and high spatial-
temporal resolution were obtained from multiple experi-
mental stations, which makes up for the limitations of pre-
vious experiments in the aspects of observation methods and
station distribution. This experiment provided valuable in-
formation for studying the ABL spatial structure in the NCP
and the turbulent exchange of pollutants between ground and
atmosphere.

2.1 Single-station “point” experiments from 2016 to
2018

The observation periods, observed variables, and instruments
used in the “point” experiments from 2016 to 2018 are
summarized in Table 1. In 2016, intensified observations on
the ABL in winter and summer were carried out at Cangzhou
station. Cangzhou station is located in a suburban area with a
flat and uniform underlying surface. Intensive sounding
observation was carried out eight times a day at 02:00, 05:00,
08:00, 11:00, 14:00, 17:00, 20:00 and 23:00 (UTC/GMT +
08:00), respectively, using the XHD-403 sounding balloon
produced by the Institute of Atmospheric Physics, Chinese
Academy of Sciences. The data were recorded every second
to generate the temperature, relative humidity, wind speed,
and wind direction profiles, and 160 sets of sounding records
were collected in the winter and summer of 2016, respec-
tively. Meanwhile, the 100-m-high meteorological tower at
the experimental station was installed with ultrasonic an-
emometer-thermometers at 30 m and 100 m heights to
monitor fluctuations of wind velocity and temperature to
study turbulent diffusion features of pollutants.

From 2017 to 2018, three phases of intensive ABL ex-
periments were conducted at Dezhou station. Dezhou station
is located in Pingyuan County, Dezhou City, Shandong
Province, in the central part of the NCP. There is flat and
uniform farmland as the underlying surface, and the local
meteorological features and air quality conditions are highly
representative for the NCP. Sounding observations were
conducted every three hours during these three phases of
experiments. The sounding system used in winter 2017 and
summer 2018 was the same as that used in the 2016 ex-
periment in Cangzhou. The new particulate sounding system
with a particulate concentration sensor (XHD-403/
PMSS5003T sounding balloon) developed by the Institute of
Atmospheric Physics, Chinese Academy of Sciences, was
first applied in the winter of 2018. With a portable particulate
sensor added to the original sounding balloon, the mass
concentrations of particulate matter (PM,,, PM, 5, and PM,)
can be detected directly, and high-resolution simultaneous
measurements of meteorological and environmental ele-
ments are realized, providing essential data for studying the
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Table 1 Information of “point” observation experiments from 2016 to 2018
Station Observation period Observed variables Instrument

Wind, temperature, and humidity profiles

Cangzhou 10 m,
38°17'N, 116°50'E

January 8, 2016, to January 28, 2016
May 27, 2016, to June 16, 2016

XHD-403 sounding balloon

Atmospheric turbulence (wind and

temperature)
30 m/100 m

CSAT3, Campbell, USA

Wind, temperature, and humidity profiles

December 25, 2017, to January 24, 2018
(Ground-based observations started on
January 12, 2018)

Atmospheric turbulence (wind,
temperature, humidity, and CO,)

XHD-403 sounding balloon
IRGASON, Campbell, USA

Radiation NR-Lite, Kipp & Zonen, the Netherlands

Barometric pressure CS106, Campbell, USA

Wind, temperature, and humidity profiles

Atmospheric turbulence (wind,
temperature, humidity, and CO,)

May 15, 2018, to June 14, 2018

Dezhou 24 m,
37°09'N, 116°26'E

XHD-403 sounding balloon
IRGASON, Campbell, USA

Radiation NR-Lite, Kipp & Zonen, the Netherlands

Barometric pressure CS106, Campbell, USA

Wind, temperature, humidity, and PM

Atmospheric turbulence (wind,
temperature, humidity, and CO,)

December 28, 2018, to January 24, 2019

PM mass concentrations

profiles XHD-403/PMS5003T sounding balloon

IRGASON, Campbell, USA

Radiation NR-Lite, Kipp & Zonen, the Netherlands
E-Sampler, Met One, USA
CS120A, Campbell, USA

CS106, Campbell, USA

Visibility

Barometric pressure

characteristics of the ABL structure during haze pollution
and the influencing mechanisms on pollution. The particulate
sounding system achieved desirable performance in mon-
itoring meteorological elements and particulate matter con-
centrations in the ABL. The same sounding system was used
in the subsequent “line” profiling experiment and “surface”
networking experiment for intensive sounding observations,
and the operation specifications followed during the ob-
servations were the same. An integrated ultrasonic anem-
ometer-thermometer and water vapor/CO, analyzer,
modified scattering-type visibility meter, net radiometer, and
particulate matter sampler were equipped at Dezhou station
to monitor the atmospheric turbulence, visibility, radiation,
particulate matter concentrations, and conventional meteor-
ological elements in the surface layer. The specific instru-
ment types and configurations are shown in Table 1.

2.2 “Line” profiling experiment in summer 2019

From June 17, 2019, to July 6, 2019, a “line” profiling ex-
periment was carried out at Tuonan, Baoding, and Renqiu
stations, which are distributed on a straight line perpendi-
cular to the trend of the Taihang Mountains in the mountain
front area of the NCP. These experimental stations are all in
suburban regions, of which Tuonan station is the closet to the
mountainous area, with a relatively high elevation of 190 m,
while Baoding and Rengqiu stations sit are at low elevations
of roughly 20 m and 10 m, respectively. Intensive sounding

observations, including particulate matter concentration
measurements, were carried out at these experimental sta-
tions. Simultaneous ground-based observations on baro-
metric pressure, atmospheric turbulence, radiation, and
particulate matter concentrations were conducted at Tuonan
and Rengqiu stations. The observed variables and instruments
used at each experimental station are summarized in Table 2.

2.3  “Surface” networking experiment in winter 2019

From November 26, 2019, to December 26, 2019, a “sur-
face” networking experiment was conducted in the mountain
front area of the NCP, with Bazhou, Baoding, and Dingzhou
stations distributed from north to south along the trend of the
Taihang Mountains and Tuonan, Baoding, Renqiu, and
Cangzhou stations distributed from west to east on a straight
line perpendicular to the Taihang Mountains. The layout of
these stations forms a cross-shaped observation network
centered at Baoding. Dingzhou station is close to the
mountainous area, with an elevation of about 60 m, while
Bazhou and Cangzhou stations are at elevations of ap-
proximately 10 m. Intensive sounding observations were
carried out at all six stations simultaneously, while atmo-
spheric turbulence, visibility, particulate matter concentra-
tions, radiation, and barometric pressure data in the surface
layer were monitored at Tuonan, Baoding, and Renqiu sta-
tions. The observed variables and instruments used at each
experimental station are summarized in Table 3.
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Table 2 Information of the “line” profiling experiment in summer 2019
Station Observed variables Instrument
Wind, temperature, humidity, and PM profiles XHD-403/PMS5003T sounding balloon
Tuonan 188 m, Barometric pressure CS106, Campbell, USA
39°I'N, 115°7'E

Radiation

Atmospheric turbulence (wind and temperature)

CSAT3, Campbell, USA
NR-Lite, Kipp & Zonen, the Netherlands

Baoding 19 m,

38°47'N, 115°30'E Barometric pressure

Wind, temperature, humidity, and PM profiles

XHD-403/PMS5003T sounding balloon
CS106, Campbell, USA

Wind, temperature, humidity, and PM profiles

Barometric pressure

Renqiu 10 m, . . L
38°44'N, 116°6'E Atmospheric turbulence (wind, temperature, humidity, and CO,)
Radiation
Visibility

XHD-403/PMS5003T sounding balloon
CS106, Campbell, USA
IRGASON, Campbell, USA
LI1200X, LI-COR, USA
CS120A, Campbell, USA

Table 3 Information of the “surface” networking experiment in winter 2019
Station Observed variables Instrument
Wind, temperature, humidity, and PM profiles XHD-403/PMS5003T sounding balloon
Atmospheric turbulence (wind and temperature) CSAT3, Campbell, USA
;1"91.1?1’1;1;,1 11 18 58;?]:: Radiation NR-Lite, Kipp & Zonen, the Netherlands
Visibility CS120A, Campbell, USA
Barometric pressure CS106, Campbell, USA
Wind, temperature, humidity, and PM profiles XHD-403/PMS5003T sounding balloon
Atmospheric turbulence (wind, temperature, humidity, and CO,) IRGASON, Campbell, USA
383"2:107%1,% 11590;8,’]3 Radiation CMP3, Kipp & Zonen, the Netherlands
Visibility CS120A, Campbell, USA
Barometric pressure CS106, Campbell, USA
Wind, temperature, humidity, and PM profiles XHD-403/PMS5003T sounding balloon
Atmospheric turbulence (wind, temperature, humidity, and CO,) IRGASON, Campbell, USA
3 ;ZZ%‘,‘ 11?61%’@ Radiation LI200X, LI-COR, USA
Visibility CS120A, Campbell, USA
Barometric pressure CS106, Campbell, USA
Cangzhou 10 m, Wind, temperature, humidity, and PM profiles XHD-403/PMS5003T sounding balloon
38°17'N,116°50'E Barometric pressure CS106, Campbell, USA
Dingzhou 56 m, Wind, temperature, humidity, and PM profiles XHD-403/PMS5003T sounding balloon
38°34'N, 115°0'E Barometric pressure CS106, Campbell, USA
Bazhou 9 m, Wind, temperature, humidity, and PM profiles XHD-403/PMS5003T sounding balloon
39°8'N, 116°26'E Barometric pressure CS106, Campbell, USA
3. Characteristics of the ABL and distribution layer (CBL) developed at 08:00 in the morning, and the

of PM, 5 concentrations in the NCP

3.1 Basic characteristics of the ABL

Mean diurnal variations of the potential temperature profiles
in summer and winter at Dezhou station from 2017 to 2018
are plotted in Figure 2. The thermal structure indicated that
the diurnal variation of the ABL was more pronounced in
summer than in winter. In summer, a convective boundary

boundary layer height reached an average of 1200 m at
17:00. A stable boundary layer (SBL) existed from 20:00 to
05:00 the next day, with a maximum height of about 350 m
on average. In winter, a prominent CBL structure appeared at
11:00 and 14:00, and its maximum height was roughly 600 m
on average. SBL existed from 17:00 to 08:00 the next day,
with a maximum height of about 400 m. The dynamic
structure (figure omitted) showed that the wind speed in
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Figure 2 Mean diurnal variations of the potential temperature in summer
(a) and winter (b) at Dezhou station from 2017 to 2018.

lower atmosphere was relatively low during daytime in
winter and summer, and increased during nighttime, which
means that low-level jets (LLJs) frequently occur in the NCP.
The average wind speed in lower atmosphere was higher in
summer than in winter, indicating that the horizontal trans-
port capacity for substance and energy was also higher in
summer. The humidity of the lower atmosphere also ex-
hibited significant diurnal variations in winter and summer
(figure omitted), with lower specific humidity during day-
time and increased values during nighttime. The moisture
conditions in the lower atmosphere were better in summer,
with specific humidity ranging from 8 to 10 g kgfl. In
comparison, the entire atmosphere was dryer in winter, with
an average specific humidity of about 1 g kgfl. The specific
humidity usually decreased monotonically with height in
summer, while humidity inversion commonly occurred be-
low 400 m in winter.

3.2 Characteristics of the distribution of PM,s con-
centrations in the ABL

The evolution trends of haze pollution processes in the NCP
have a certain consistency, for PM, 5 usually accumulates
slowly and is removed rapidly (Zhong et al., 2017; Li et al.,
2020). In the accumulation stage of pollutants, the NCP
tends to be controlled by a persistent low-pressure system
characterized by stable barometric pressure field, low
pressure gradient, and stagnant surface airflow. Such stag-
nant weather has also been noted by previous researchers
(Yangetal., 2015; Ye et al., 2016; Kanawade et al., 2020). In
the rapid dissipation stage of pollutants, the pressure gra-
dient in the NCP increases, and the cold high-pressure
system invades rapidly, accompanied by intense downward
airflows. Figure 3 shows the spatial-temporal evolution of
PM, 5 concentrations and ABL structure at each experi-
mental station during a typical haze pollution process
monitored by the “surface” networking experiment in winter
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2019. For the same haze pollution process, the variation of
the vertical distribution of PM, s concentrations and ABL
structure at each experimental station was similar. However,
the degree of pollution and the boundary layer meteor-
ological conditions among these regions showed significant
spatial differences. Overall, the pollution at Baoding was the
heaviest, followed by that at Renqiu, and the pollution at
Tuonan was the mildest. During the intensive experiment,
about 70% of the observations at Tuonan were under clean
weather conditions, whereas Baoding was troubled by fre-
quent heavy pollution, with only 30% of observations under
clean weather conditions. Such results are not only caused
by pollution source emissions but also related to local me-
teorological conditions. The comparison of surface wind
speed shows that the conditions with wind speed below 1 m
s accounted for 71%, 66%, and 55% of the observation
period at Tuonan, Baoding, and Rengqiu, respectively. The
wind field at Tuonan was dominated by calm winds, while
the wind speed at Renqiu was typically high. The proportion
of the experimental period with temperature below 0°C
accounted for 71%, 46%, and 18% at Tuonan, Baoding, and
Renqiu, respectively, meaning that the temperature of the
underlying surface was the lowest at Tuonan and highest at
Renqiu. The surface wind speed and temperature exhibited
an increasing trend from the mountainous regions in the
west to the plain area in the east, which is associated with the
blocking effect of mountains and drainage flow (Whiteman
et al., 1999; Silcox et al., 2011).

In terms of the frequency of haze pollution events and the
degree of pollution in winter and summer, during the ob-
servation period in summer, the number of days with clean
weather exceeded 80%, and the overall degree of pollution
was mild. Among the pollution events, mild pollution con-
ditions accounted for 78% of all pollution periods. While in
winter, haze pollution events accounted for about 50% of the
entire observation period, and moderate to heavy pollution
accounted for 60% of all pollution periods. For the spatial
heterogeneity of haze pollution, as atmospheric circulations
are more active in summer, which is conducive to the re-
gional transport of pollutants, the spatial distribution of
pollutants is more uniform in summer; in winter, stagnant
weather conditions prevail, and pollutant concentrations are
more strongly affected by local emissions and boundary
layer meteorology, resulting in more pronounced spatial
differences of winter haze pollution.

Based on the “line” profiling experiment in summer 2019
and “surface” networking experiment in winter 2019, the
mean PM, 5 column content during haze pollution in winter
and summer was calculated for each experimental station.
Different from the general belief, the PM, 5 column content
was higher in summer than in winter, indicating that the total
PM, 5 concentrations in the atmosphere may be higher in
summer than in winter. This may be due to the higher hu-
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(p)), Bazhou ((q)—(t)), and Cangzhou ((u)—(x)) station during a typical haze pollution process monitored by the “surface” networking experiment in winter

2019 (Li, 2022).

midity and stronger atmospheric oxidation in summer, which
are conducive to aerosol hygroscopic growth and aging and
secondary aerosol generation (Ran et al., 2011; Zhang et al.,
2015; Han et al., 2016; Wu et al., 2018; Pan et al., 2019). In
addition, these results reflect the differences in the vertical
distribution pattern of PM,s in winter and summer. The
“line” profiles of mean PM,s concentrations at Tuonan,
Baoding, and Rengqiu stations during persistent haze pollu-
tion in winter and summer are shown in Figure 4. It can be
seen that the mean PM, 5 concentrations can exceed 150 pg
m° during pollution periods in winter, but the aerosol-en-
riched layer is thin, and the diffusion height of PM, s is only
400-500 m. The whole atmosphere was only mildly polluted
in summer, with a PM, 5 concentration typically below 100
ug m °. However, the pollution layer was thicker, PM,
diffused to a height of nearly 1000 m and was uniformly
dispersed. Thus, the accumulated PM, 5 in the column can be
higher in summer than in winter.

4. ABL three-dimensional structure and its
contribution to PM, 5 distribution

4.1 Influencing mechanisms of the ABL structure on
the vertical distribution of PM, 5

The structure of the ABL affects the horizontal transport,
turbulent mixing, and chemical transformations of pollutants
during haze pollution, directly or indirectly determining the
vertical distribution and concentration variations of pollu-
tants. Studying the ABL structure during heavy haze pollu-
tion is of great significance for understanding the generation,
development, and dissipation processes of heavy haze pol-
lution in the NCP. Here, the thermal, dynamic, and moisture
structures of the ABL during heavy haze pollution in the
NCP and their effects on the vertical distribution of PM, 5 are
thoroughly analyzed based on the sounding data.

Li Q H et al. (2020, 2021) discovered that during heavy
haze pollution, the thermal structure of the ABL is often
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layer (Li, 2022).

characterized by an elevated inversion layer (EIL) that lasts
for more than three days at low altitudes, and that the bottom
height of this layer continuously decreases. The distribution of
PM, 5 concentrations and the thermal structure during a typi-
cal heavy haze pollution process are shown in Figure 5. With
Dezhou station as an example, Figure 5b reveals that an EIL
persisted at low altitudes from January 12 to 15, 2019, and the
bottom height of this layer gradually decreased from 800 m to
200 m. The strong inversion layer with a thickness of about
200 m lasted for almost a whole day on January 14. Similar
thermal structures were observed at the six experimental sta-
tions during the networking experiment in the NCP in the
winter of 2019 (Figure 3). The patterns at Baoding station are
illustrated in Figure Sc and 5d. Similar to the phenomenon
observed at Dezhou station, a relatively prominent EIL per-
sisted at low altitudes from December 8 to 10, 2019, and the
bottom height of the inversion layer gradually decreased.
Correspondingly, the thickness of the pollution layer was
compressed from 800 m to about 200 m. Because of the strong
stable atmospheric stratification, the upper and lower parts of
the lower atmosphere cannot be coupled by turbulent flows,
making it difficult for pollutants in the low layers to pass
through the stable air layers to diffuse upward. Meanwhile, the
momentum transport from the upper to lower atmosphere is
hindered, leading to the formation of a thin and static layer
below the EIL that facilitates the accumulation of pollutants in
the surface layer. As the bottom height of the EIL decreases,
the space for pollutant diffusion is continuously compressed,
which significantly exacerbates the degree of pollution.
Therefore, the long-lasting and continuously sinking EIL at
low altitudes is the typical thermal structure responsible for
persistent and exacerbated haze pollution.

The formation of the continuously sinking EIL is asso-
ciated with the subsidence warming caused by the gusty
cold-air invasion. For instance, from December 8 to 10,
2019, there was a stable trough at low altitudes over the NCP
when the bottom height of the EIL was decreasing. With the
invasion of cold air from the west, the trough was gradually

deepened, downdrafts systematically developed in the cold
advection zone behind the trough, and the intensity of the
downward motion increased. The upper atmosphere was
heated due to adiabatic warming generated by the down-
drafts, leading to the maintenance of the EIL and decrease in
its bottom height. Figure 6 shows the spatial patterns of the
vertical velocity w in the NCP at 08:00 from December 8 to
10, 2019, with positive values of @ indicating the downward
motion. It can be seen that the downdrafts gradually en-
hanced from December 8§ to 10, especially in the western
areas close to the Taihang Mountains, which confirms that
the thermal structure is related to subsidence warming.

For the dynamic structure, there are usually strong south-
erly winds within the boundary layer that promote the ad-
jective transport of pollutants and moisture in the transport
stage of pollutants, making the pollution layer relatively
thick and the degree of pollution mild in the early stage. In
the accumulation stage of pollutants, airflows are usually
stagnant in the lower atmosphere, forming a calm wind layer
with wind speed below 2 m s”', which is conducive to the
accumulation of pollutants in the surface layer. During the
rapid dissipation stage of pollution, LLJs occur frequently
and develop from higher to lower altitudes. LLJs not only
enhance the horizontal transport of pollutants but also gen-
erate mechanical turbulence through wind shear, promoting
the momentum exchange between the upper and lower at-
mosphere and improving the vertical diffusion conditions
(Banta et al., 2002; Wei et al., 2018, 2020; Li et al., 2020). As
shown in Figure 7, the maximum wind speed of the LLJ
increased from 7 to 13 m's ' from 11:00 to 23:00 on De-
cember 19, 2018, and the height of the jet axis decreased
from about 400 m to 200 m. As LLJs develop from higher to
lower altitudes, turbulent flows are generated from the higher
altitudes and transmitted downward, restoring the turbulent
coupling between the upper and lower atmosphere from high
altitudes downward, and the momentum at high altitudes
transmits to the lower atmosphere. At the same time, PM, 5 is
cleared from higher to lower altitudes. Therefore, LLIJs is one
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of the key physical mechanisms facilitating haze dissipation.

In terms of the moisture structure, under the influence of
moisture transport by southerly winds and local accumulation,
the relative humidity is typically high during persistent heavy
haze pollution in the NCP. The region with the highest PM, s
concentrations often coincides with a wet zone with relative
humidity above 60%. The high relative humidity is conducive
to aerosol hygroscopic growth and secondary aerosol gen-
eration, which can easily cause heavy pollution. However, if

the ambient air is almost saturated, acrosol particles may serve
as condensation nuclei to form droplets, resulting in the de-
crease in PM, 5 concentrations due to wet removal.

4.2 Influencing mechanisms of the ABL three-dimen-
sional structure on regional pollution

The Taihang Mountains have an adjusting effect on the
meteorological conditions of the ABL in the NCP, providing
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the NCP with a spatially heterogeneous ABL and complex
local circulations, which affects the spatial-temporal dis-
tribution of pollutants concentrations during haze pollution.
The influencing mechanisms of the ABL three-dimensional
structure and local circulations in the NCP on the spatial
distribution of haze pollution were explored based on the
data of “line” profiling and “surface” networking experi-
ments and numerical simulation results (Li Q H et al., 2021;
Jin et al., 2022a, 2022b).

Figure 8 demonstrates the three-dimensional structure of
the ABL and the distribution of PM, 5 concentrations during
a typical haze pollution process in winter 2019. It can be seen
that, due to the presence of the Taihang Mountains, there are
significant differences in the ABL structure and the spatial
distribution of PM, s among different regions of the NCP.
Comparing the surface pollution degree and meteorological
elements at different experimental stations reveals that PM, 5
concentrations and water vapor content were the highest at
Baoding and lowest at Tuonan, which should be related to
the locally high emission of pollutants at Baoding. Both
temperature and wind speed values are the lowest at Tuonan
station and the highest at Rengqiu station due to the thermal
and dynamic adjustment of the boundary layer meteor-
ological conditions by the Taihang Mountains. In terms of
thermal structure, the western part of the NCP near the
mountains is significantly affected by drainage flow and
subsidence warming, resulting in lower surface temperature,
stronger EIL, more stable atmospheric stratification, and
worse conditions for vertical diffusion of pollutants. For the
dynamic structure, the mountainous terrain has a dynamic
adjustment effect on the wind field. The blocking effect of
mountains causes frictional loss of kinetic energy and leads
to airflow diversion, weakening the ambient wind. As a
consequence, the calm wind layer in the western part of the
NCP near the mountains is relatively thicker, which is not
conducive to the horizontal transport of pollutants. There-
fore, the concentration of PM, s is higher in the western area
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near the mountains and low in the eastern area over the plain.

Atmospheric pollutants usually come from anthropogenic
emissions near the ground and disperse to higher altitudes
through turbulent motions. Therefore, the pollutant con-
centrations usually decrease with height. However, during
the COATS experiment, the phenomenon of elevated pollu-
tion layer (EPL) was observed, i.e., the pollutant con-
centrations were relatively low in the lower atmosphere but
high at an altitude of 1000-2000 m. Figure 9 shows the
vertical distribution of PM,s concentrations during haze
pollution in the NCP in summer 2019. We can see that during
the rapid dissipation stage of pollutants, the PM, s at low and
high altitudes was not cleared simultaneously. PM, 5 con-
centrations at the ground level decreased at 14:00 on June 21,
but PM, 5 concentrations abnormally increased in the altitude
range of 1500-2000 m, showing an EPL (the red box in
Figure 9). Li et al. (2022) analyzed the local circulation
pattern and concluded that the formation of EPL is associated
with mountain-induced vertical circulations. The wind fields
at 1000 hPa and 800 hPa in the NCP at 14:00 and 20:00 on
June 21, 2019, are plotted in Figure 10. When the NCP is
located in the southern part of high-pressure system, the
polluted air mass moves from the eastern plain area to the
western mountainous regions under the advection of the
easterly winds, and pollution outbreaks sequentially from
Rengqiu to Tuonan. Obstructed by the Taihang Mountains, the
dynamic structure of the wind field is adjusted, and vertical
circulations are induced, forcing the ground-level pollutants
to rise with the easterly winds. According to Figure 10c and
10d, the wind direction clearly shifts at 800 hPa, so the
surface pollutants lifted to high altitudes are transported back
to the NCP by westerly winds, forming an EPL. Therefore,
when studying the haze pollution at the mountain front areas
of the NCP, we should not only focus on the accumulation of
pollutants in the surface layer, but also consider the influence
of EPLs generated by vertical circulations.

Jin et al. (2022a, 2022b) analyzed the ground-based ob-
servations of haze pollution in the NCP from 2014 to 2020
and classified three types of pollution according to the at-
mospheric internal boundary (AIB) conditions that triggered
haze pollution, i.e., the frontal type, wind shear type, and
topographic obstruction type. The proportions of these three
types of pollution were roughly 41%, 29%, and 14%, re-
spectively. The AIB conditions of the three types of pollution
were explored by numerical simulations to clarify the ABL
structure and elucidate the formation mechanism of the
polluted air masses with distinct boundaries. Schematic
diagrams of the AIBs of the three pollution types are illu-
strated in Figure 11. As shown in Figure 11la, frontal-type
pollution arises under the mountain thermal effects and the
warm front. The cold polluted air mass at the mountain front
is covered by a dome-like warm cap, which restricted the
diffusion of polluted air both in horizontal and vertical di-
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rections. The ABLH in this region is only 200-300 m.
Frontal-type pollution is usually severe as PM, 5 accumulates
rapidly in the near-closed space with stable atmospheric
stratification (Jin et al., 2021). Wind shear type pollution is
characterized by airflow convergence, mainly in two modes,
the westerly-southwesterly wind shear and southerly-north-
erly wind shear, which provide dynamic conditions for pol-
lutant transport and accumulation. This type of pollution is

usually mild. Figure 11b shows the mode of westerly-
southwesterly wind shear. It is characterized by a low-pres-
sure trough, and the vertical scale of the airflow convergence
layer is comparable to that of the ABL, with a divergence
compensation layer above the boundary layer. The mode of
southerly-northerly wind shear is characterized by a roughly
3000-m-thick, Y-shaped convergence layer opening to the
west, and the top of the boundary layer is the region with
peak convergence velocity. Features of topographic ob-
struction type pollution are revealed in Figure 1lc, i.e., the
cold air mass is dammed at the windward side in front of the
mountains; the warm southerly advection is obstructed by
the mountains and adjusted into cold easterly advection; air
masses ascend after converging at the mountain front and
then cool down, showing significant inversion at the
boundary of the cold air zone. The dynamical feature is that
there is an air mass convergence zone in front of the
mountains. Diurnal variations of the ABL dynamic and
thermal structures cause pollutants to accumulate in the
foothills during the daytime and locally aggregate through-
out the plain at nighttime.

4.3 Diffusion capacity of the ABL and its quantitative
contribution to pollution in winter and summer

The situation of air pollution in the NCP is complicated, and
persistent heavy haze pollution may occur in either winter or
summer. Numerical simulations were performed using the
data from “point” experiments at Dezhou station in winter
2018 to evaluate the relative contribution of different pro-
cesses to PM, s concentrations during haze pollution. The
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data of the “line” profiling experiment in summer 2019 and
the “surface” networking experiment in winter 2019 were
used to compare the vertical distribution of PM,s con-
centrations and the diffusion capacity of the ABL in different
seasons and quantitatively estimate the contribution of dif-
ferent scales of atmospheric motions to haze pollution in
winter and summer.

Figure 12 shows the mean PM, s concentrations, potential
temperature, and wind speed profiles for the fully developed
ABL at 14:00 at Baoding station in the summer and winter of
2019, where the dashed and solid lines denote clean and
polluted periods, respectively, and the red dots denote the
ABLH. It can be seen that the PM, 5 diffusion height reached
approximately 1000 m in summer and the degree of pollution
was generally mild. While the PM, 5 diffusion height was
only 300 m to 400 m and the degree of pollution degree was
mainly moderate to heavy in winter. The mean ABLH, wind
speed, and boundary layer ventilation values of summer haze
pollution were about 1000 m, 4 m s, and 4000 m” s ',
respectively, which were close to the values during clean
periods. In contrast, the diffusion conditions deteriorated
significantly during the pollution periods in winter, with

mean ABLH, wind speed, and boundary layer ventilation
values of only 500 m, 2 m s, and 1400 m® s', which were
45%, 50%, and 60% lower than the values in clean periods,
respectively (Li et al., 2022).

Jin et al. (2020) used a box model to simulate the relative
contribution of different physical processes to PM, 5 con-
centrations in the NCP. The research confirmed that local
source emissions and regional transport of pollutants play a
dominant role in the generation of heavy haze events, with
contributions of about 27-45% and 46—76%, respectively.
Boundary layer processes were also important regulators for
PM, s concentrations, such as temporary accumulation of
PM, 5 during the day-night transition periods and the varia-
tions of ABLH, which had contributions of about 13—40%
and —6-22%, respectively. Li et al. (2022) applied spectral
analysis method to surface PM, s concentrations, and dis-
covered weekly and diurnal variation cycles of PM, 5 con-
centrations, which corresponded to the effects of weather
systems and boundary layer processes, respectively (Figure
13). The contributions of weather system changes and
boundary layer processes to PM, 5 concentration in summer
were about 45 and 15 pg m°, respectively, with a ratio of
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nearly 3:1. In winter, the contributions were 40 and 30 ug
m>, respectively, with a ratio of about 1.3:1. Weather sys-

Sci China Earth Sci  May (2023) Vol.66 No.5

tems can alter the regional circulation in the NCP and affect
the regional transport of pollutants, thereby playing a key
role in the generation of summertime haze pollution in the
NCP. In winter, apart from the important contribution of the
weather system to haze pollution events, the role of boundary
layer processes is of equal significance and cannot be ig-
nored.

5. ABLH and PM, 5 distribution pattern

5.1 Relationship between surface PM, s concentrations
and the ABLH

According to Li et al. (2020), surface PM, 5 concentrations
are negatively correlated with CBL height and does not have
an apparent correlation with SBL height. Figure 14 demon-
strates the relationship between the ABLH and surface PM, 5
concentrations based on the “point” experiment at Dezhou
station in winter 2018. Due to the non-stationary nature of
atmospheric motions during day-night transition periods,
only the data at the time with relatively stationary atmo-
spheric motions are used in this diagram. The observations at
11:00 and 14:00 correspond to a daytime CBL and those at
02:00 and 23:00 correspond to a nighttime SBL. It should be
noted that high surface PM, 5 concentrations may still occur
even when the SBL height is high, which means that the
influencing mechanisms of physical processes in the SBL on
PM, 5 concentrations are complex. The relationship between
the ABLH and surface PM, 5 concentrations is closely as-
sociated with turbulent transport capacity of the ABL, and
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Figure 12 Mean PM, 5 concentrations, potential temperature, and wind speed profiles at 14:00 at Baoding station in the summer ((a)—(c)) and winter ((d)—
(f)) of 2019. Dashed lines: clean periods; solid lines: polluted periods; black dots: ABLH (Li et al., 2022, Open Access).
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centrations at Dezhou station in winter 2018 (Li et al., 2022, Open Access).

the turbulent motion of the SBL is intermittent (Ren et al.,
2019b). The turbulent transport capacity was measured by
the local intermittent strength of turbulence (LIST) index.
The results showed that in the CBL and clean atmosphere,
the turbulent transport capacity within the boundary layer
was strong, but turbulence intermittency frequently occurred
in the SBL and under heavy haze pollution conditions. It can
be concluded that turbulence intermittency is an important
factor influencing the relationship between the ABLH and
surface PM, s concentrations. If we regard the ABL as a box
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model, with strong turbulent mixing in the CBL and uni-
formly distributed pollutants, the relationship between the
ABLH and PM, 5 concentrations can be well established. The
PM, 5 concentrations within the SBL did not decrease with
the increase of the SBL height, which may attribute to the
prominent turbulent intermittency in the SBL. This study
attempted to explain the effect of different types of turbulent
intermittency on pollutant transport in the SBL. Intermittent
turbulent bursts can facilitate the transport of pollutants from
the residual layer into the SBL. When turbulent intermittency
exists persistently during nighttime, turbulent transport may
be spatially inhibited so that pollutants cannot be mixed
uniformly within the boundary layer, making it difficult to
establish a correlation between the SBL height and surface
PM, 5 concentrations.

5.2 Relationship between vertical distribution of PM, s
concentrations and the ABLH

Pollutants can serve as tracers to reflect atmospheric motions
and structures (Collis et al., 1964; Collis and Ligda, 1964;
Shi et al., 2019). Shi et al. (2020) named the atmospheric
layer identified based on the vertical distribution of pollu-
tants as the “material boundary layer”. In the present study,
this method for determining the ABLH was called the
“material method”. However, the pollutant diffusion height
is often different from the traditional ABLH obtained based
on meteorological elements. The physical meaning of the
“material boundary layer” needs to be further clarified, and
the reliability and applicability of the “material method” for
ABLH inversion still need to be verified. In the COATS
experiment, the physical concept “aerosol accumulation
layer” (AAL) was proposed. According to the National En-
vironmental Protection Standards of China, air is classified
as polluted when PM, s is the primary pollutant and its mass
concentration exceeds 75 pg m °. Thus, the AAL was de-
fined as the aerosol-enriched layer with PM, 5 concentrations
of over 75 ng m ° above the ground. Figure 15a compares the
AAL with the ABL and the results show that the spatial range
of the AAL is consistent with that of the daytime CBL;
however, the nighttime AAL tends to be higher than the SBL.
Figure 15b further compares the height of the CBL with that
of the AAL at 20:00 on the same day and good consistency is
shown when the atmospheric motion is relatively stationary.
It is conceivable that the vertical distribution of PM, s in the
daytime mainly depends on thermodynamic turbulent mix-
ing, and the daytime distribution pattern of PM,s con-
centrations in the CBL is maintained at night, i.e., the AAL
depth in the nighttime reflects the height of the top of the
residual layer, which leads to a large difference between the
AAL depth and SBL height at night. Previous studies have
also found that the distribution of PM, 5 at night is weakly
dependent on the evolution of the SBL (Liu et al., 2020). As a
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Figure 15 Comparisons of the ABLH with the AAL depth (a) and daytime CBL with the nighttime AAL (b) on the same day (Li et al., 2022, Open
Access).

result, the inversion of the SBL height based on the vertical
distribution of pollutants has poor accuracy (Wang et al.,
2012; Lee et al., 2019). Therefore, the material method to
determine the ABLH is applicable to the daytime CBL with
stationary atmospheric motions and sufficient turbulent
mixing. For the SBL at night, as well as the transport stage or
rapid dissipation stage of pollutants with non-stationary at-
mospheric motions, determining the ABLH using the mate-
rial method would cause significant deviations.

6. Turbulent flux acquisition and the turbulent
characteristics of PM, 5 concentrations

The ABL is a channel for the exchange of substance, in-
cluding PM, 5, between the ground and the atmosphere, with
turbulent transport acting as the dominant form of exchange.
Accurately acquiring the turbulent flux of PM, 5 concentra-
tions is an essential task in haze pollution studies, which is
significant for the quantitative assessment of pollutant dif-
fusion and deposition and the improvement of ABL para-
meterization schemes and the air quality forecasting.

Based on the theories of atmospheric turbulence and at-
mospheric optics, scholars at Peking University proposed a
method to obtain the turbulent flux of PM, 5 concentrations
based on signal recognition and data processing techniques
and developed the turbulent flux measurement system
PMFlux (Ren et al., 2020). PMFlux consists of a three-di-
mensional ultrasonic anemometer-thermometer, a con-
tinuous particulate matter monitor, and a modified
scattering-type visibility meter with high-frequency sam-
pling performance that can provide 10 Hz wind velocity
fluctuation, 1 Hz PM, 5 mass concentrations, and 1 Hz visi-
bility (extinction coefficient) data, respectively. The turbu-
lent flux of PM, 5 concentrations was calculated based on the
eddy correlation method and theories of atmospheric optics.
The specific calculation method was as follows. When the
relative humidity is <80%, the extinction effect of PM, s is

considered to be the main reason for visibility reduction. The
regression equation between the PM, 5 concentrations and
visibility (extinction coefficient) is established based on the
observation results to determine the fitting coefficient for
different pollution periods. The fluctuations of PM, s con-
centrations are calculated using the high-frequency visibility
(extinction coefficient) data, and the turbulent flux of PM, s
concentrations is obtained using the eddy correlation method
with the wind velocity fluctuation data collected by the ul-
trasonic anemometer-thermometer. The operation proce-
dures are simple, and the data processing technique is
mature. This method can be applied together with the
available turbulent flux measurement system or as a stand-
alone observation system. It has performed well in the
COATS experiment.

Based on the “point” experiment at Dezhou station in
winter 2018 and “surface” networking experiment in winter
2019, the fluctuation and turbulent flux of PM, 5 concentra-
tions during the observation periods were obtained and the
results exhibited the following characteristics. The turbulent
flux of PM, 5 concentrations varied in the range of —1-2 ug
m s and the mean turbulent flux of PM, 5 concentrations
may be positive or negative in different haze processes and
stages, indicating that the source-sink properties of the pol-
lutant were not static. The absolute value of the turbulent flux
of PM, s concentrations decreased exponentially with the
increase of turbulent kinetic energy, horizontal wind speed,
wind speed standard deviation, momentum flux, and sensible
heat flux. With enhanced turbulent diffusion capacity, PM, s
was mixed by strong turbulent motions and diffused away,
and its turbulent flux value decreased. Moreover, the abso-
lute turbulent flux value of PM, 5 concentrations did not have
a significant correlation with the PM, 5 concentrations, pos-
sibly because turbulent motions tended to be weak during
heavy haze pollution. Based on the observed turbulent flux
of PM, 5 concentrations, Ren et al. (2020) concluded that
under unstable conditions, the relationship between the
normalized standard deviation of PM, 5 concentrations ¢,/ C,
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and stability parameter ¢ fulfills a 1/3 power law, with

0,/ C, =20.07(=¢)""; while the results under stable condi-
tions were relatively discrete. The variance spectrum of the
PM, 5 concentration fluctuation (nS P, (M) / 0,%) agrees with
the Kolmogorov theory, with the spectral pattern in the in-
ertial sub-region satisfying the 2/3 power law. The covar-
iance spectrum of the PM, s concentration fluctuation and
vertical velocity fluctuation (nC\py, (7) / 0,0,) fulfills the —
4/3 power law in the inertial sub-region. The above results
show that the PM, 5 concentration fluctuation follows the
Monin-Obukhov similarity theory under certain conditions,
and that the PM, 5 concentration can be modelled by a uni-
versal function, like momentum or temperature. Figure 16
demonstrates the fitted universal functions of PM, s con-
centrations ¢ (') in relation to the stability parameter ¢ at
Dezhou station in winter 2018. Under unstable conditions,
9(0)=4.0(1-9.80)"* and under stable conditions,

9(0) =4.0(1+1.2¢)". Similarly, Ren et al. (2021) used data
from the “surface” networking experiment in winter 2019
and determined that the results of different regions and dif-
ferent pollution processes varied: under unstable conditions,
the universal functions for Tuonan, Baoding, and Rengiu
were ¢ (¢) =1.5(1-3.50)""% ¢ (¢) =2(1—-12¢)""% and
0(0)=2.5(1-0.250)"2  respectively,

90) = 1.5(1+10), 90) =2(1+100), and
9(&) =2.5(1+1¢)" under stable conditions. The successful
acquisition of the universal function for PM, 5 concentrations
provides an essential experimental basis for establishing the
flux-profile relationship of PM, 5 concentrations and para-
meterizing the turbulent flux of PM, s concentrations.

compared to

7. Conclusions

From 2016 to 2020, Peking University, together with the
Chinese Academy of Meteorological Sciences and the In-
stitute of Atmospheric Physics, Chinese Academy of Sci-
ences, carried out the COATS experiment in the NCP. Based
on the “point” experiments, the basic characteristics of the
ABL structure in the NCP were obtained and the influencing
mechanisms of the ABL structure evolution on the vertical
distribution of PM, s was investigated. Through the “line”
experiment, our understanding on the ABL processes and
distribution of PM, s concentrations during summer haze
pollution was improved, and the contributions of the ABL
processes to haze pollution in winter and summer were
compared and estimated. The implementation of the “sur-
face” experiment further enriched our understanding of the
ABL three-dimensional structure and local circulation pat-
terns in front of the Taihang Mountains, and the formation
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Figure 16 Relationships between the universal function of PM, s con-
centrations ¢ ({) and the stability parameter " fitted with the data from

Dezhou station in winter 2018. Red dots and blue dots denote stable and
unstable conditions, respectively (Ren et al., 2020, Open Access).

mechanism of the special spatial distribution pattern of haze
pollution in the NCP was analyzed. The ABLH determines
the vertical diffusion space of pollutants, which is a key
parameter for air quality models to assess atmospheric dif-
fusion conditions. Understanding the turbulent transport law
of PM, s is the basis for modifying the ABL parameterization
schemes applicable to haze weather. Based on the data ob-
tained in the COATS experiment, the indicative significance
of the ABLH for air quality and the applicability of the
material method to estimate the ABLH were thoroughly
discussed. The turbulent transport characteristics of PM, s
were explored. The main findings are as follows:

(1) Basic characteristics of the ABL structure and PM, s
concentration distribution. The average CBL height in the
NCP is about 1200 m in summer and 600 m in winter; the
average SBL height is roughly 350 m in summer and 400 m
in winter. In terms of the dynamic and moisture structures,
LLJs frequently occur in the NCP, and humidity inversion is
common in winter. Haze pollution in summer is pre-
dominantly mild, and the spatial distribution of pollutants is
relatively uniform. In contrast, the pollution degree in winter
is mostly moderate to heavy, with a significantly hetero-
geneous spatial distribution of pollutants. The PM, 5 column
content is higher in summer than in winter. The diffusion
height of PM, 5 in summer can reach 1000 m and mean PM, 5
concentrations in the polluted layer is lower than 100 pg m;
the diffusion height of PM, s in winter is only 400~500 m,
with mean PM, 5 concentrations of up to 150 pg m”.

(2) Influencing mechanisms of the ABL structure evolution
on the vertical distribution of PM, 5. The continuously sinking
EIL which inhibits pollutant diffusion, hinders the downward
momentum transfer, and compresses the diffusion space of
pollutants, is a typical thermal structure promoting the
maintenance and exacerbation of haze pollution. The forma-
tion of such a thermal structure is related to the subsidence
warming caused by the gusty cold-air invasion. The me-
chanism of pollutant removal by LLJs was also revealed. LLJs
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develop from higher to lower altitudes, promoting the gen-
eration of shear turbulence. The turbulent coupling between
the upper and lower atmosphere is restored from high altitudes
downward, and the momentum at high altitudes is transmitted
to the lower atmosphere, facilitating the removal of pollutants
from high altitudes downward. During heavy haze pollution,
the region with the highest pollutant concentration often co-
incides with a wet zone with relative humidity above 60%.
When the air is almost saturated with moisture, the pollutant
concentration can be reduced by wet removal.

(3) Influencing mechanisms of the ABL three-dimensional
structure and local circulations on the spatial distribution of
haze pollution. Due to the adjustment of the thermal and
dynamic structures of the ABL forced by the Taihang
Mountains, the atmospheric stratification in the western part
of the NCP is more stable, and the calm wind layer is rela-
tively thicker, which facilitates local pollutant accumulation.
As a consequence, haze pollution in the NCP is heavier in the
west and milder in the east. The Taihang Mountains can
induce vertical circulations, forcing ground-level pollutants
to ascend with the easterly winds and be advected back over
the plain at high altitudes, thereby forming the EPL. The
internal boundary effect within the atmosphere restricts the
horizontal diffusion of pollutants so that the polluted air
masses are characterized by distinct boundaries. According
to the internal boundary conditions, there are three main
types of pollution: frontal type, wind shear type, and topo-
graphic obstruction type. The frontal type occurs when a cold
air mass is jointly confined by the mountains and the internal
boundary of the warm front, vertically covered by a dome-
like warm cap. It is the most dominant type that triggers
severe air pollution. The wind shear type is characterized by
airflow convergence, mainly in two modes: westerly-south-
westerly wind shear and southerly-northerly wind shear,
which affects the spatial distribution of pollutants through
dynamical effects. The topographic obstruction type is
characterized by the accumulation of cold air in front of the
mountains, and a heavy pollution zone is formed at the
mountain front under the combined effect of dynamic
blockage and thermal stratification.

(4) Comparative analysis and quantitative estimation of the
contribution of the ABL processes to haze pollution in winter
and summer. During the pollution periods in winter, the ABL
diffusion conditions deteriorate significantly, with a decrease
in the ABLH, wind speed, and boundary layer ventilation by
45%, 50%, and 60%, respectively. The contribution of the
ABL processes to haze pollution in winter and summer was
estimated using the spectral analysis method. The results
showed that the regional transport of pollutants due to
weather system changes has a critical contribution to haze
pollution in summer, and for wintertime haze pollution, both
weather system changes and boundary layer processes have
significant contributions.

Sci China Earth Sci
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(5) ABLH and PM, s distribution pattern. Surface PM, 5
concentrations are found negatively correlated with the CBL
height but has no apparent relationship with the SBL height.
This is related to the strong turbulence intermittency of the
SBL. Turbulent intermittency can spatially block the turbu-
lent transport of pollutants so that the pollutants cannot be
mixed within the boundary layer. Intermittent turbulent
bursts can facilitate the transport of pollutants from the re-
sidual layer to the SBL. Both conditions may lead to box
model failure. The concept of the AAL was proposed. It was
found that the spatial range of the AAL is highly consistent
with that of the CBL, but there is a large difference between
the AAL and the SBL under the influence of the residual
layer. The material method is applicable to the daytime CBL
with stationary atmospheric motions and sufficient turbulent
mixing. For the nighttime SBL and non-stationary atmo-
spheric motion conditions, using the material method will
cause large biases.

(6) Turbulent flux acquisition and turbulence character-
istics of PM,s concentrations. The method to obtain the
PM, 5 concentration turbulent flux based on the eddy corre-
lation method and theories of atmospheric turbulence and
atmospheric optics was proposed, and the turbulent flux
measurement system PMFlux was developed. It was dis-
covered that under unstable conditions, the normalized
standard deviation of PM, 5 concentration fluctuation ¢,/ C,
and stability parameter { fulfills a 1/3 power law, which
agrees with the Monin-Obukhov similarity theory. The var-
spectrum of PM,s concentration fluctuation

(nSpy, (n)/ 0,”) fulfills the —2/3 power law in the inertial

iance

sub-region, proving that the PM, 5 concentration fluctuation
agrees with the Kolmogorov theory under certain conditions.
The universal functions of PM, 5 concentration ¢ () in re-
lation to the stability parameter { for different regions were
provided.

The COATS experiment revealed the influencing me-
chanisms of the ABL structure evolution on the vertical
distribution of PM,s. The quantitative contribution of the
ABL processes to pollutant transport and diffusion in dif-
ferent seasons was evaluated, which enriched our under-
standing of the turbulent transport of PM,s between the
ground and the atmosphere. Particularly, discoveries were
made regarding the spatial structure heterogeneity of the
ABL and its influence on the spatial distribution of pollu-
tants, and a three-dimensional structural image of the ABL
during haze pollution in the NCP was obtained. However, the
studies on the quantitative influence and physical mechan-
isms of the ABL on pollutant transport during haze pollution,
as well as on turbulent motion are still less sufficient. Future
researches are suggested to further verify the turbulent
transport mechanisms of pollutants based on the combination
observations of boundary layer profiles and turbulence gra-
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dient by meteorological tower. Research on the spatial
structure of turbulence in the ABL shall be conducted to
explore the influence of intermittent turbulence on pollutant
diffusion and the turbulent transport law in the SBL. A
universal flux-profile relationship for PM, 5 concentrations
and a turbulent diffusion coefficient needs to be developed
and verified. Quantitative understandings of the interaction
mechanisms between the ABL and haze pollution may be
deepened with the help of numerical simulation studies, and
the ABL parameterization schemes for a polluted atmo-
sphere could be developed and modified based on the ob-
servation results so that the air quality forecasting level may
be improved.
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