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Abstract. Measurements of surface ozone (O3), PMj; 5 and its major secondary components (SOi_, NO5,
NHZ{, and organic carbon (OC)), mixing layer height (MLH), and other meteorological parameters were made
in the North China Plain (NCP) during the warm season (June—July) in 2021. The observation results showed
that the summertime regional maximum daily 8 h average ozone (MDAS8 O3) initially increased and reached
the maximum value (195.88 uygm~>) when the MLH ranged from approximately 900 to 1800 m, after which
the concentration of O3 decreased with further increase in MLH. Interestingly, synchronous increases in PM> 5
concentration along with the development of the mixing layer (MLH < 1200 m) were observed, and the positive
response of PM» 5 to MLH was significantly associated with the increase in SO?[ and OC. It was found that
this increasing trend of PMj 5 with elevated MLH was driven not only by the wet deposition process but also
by the enhanced secondary chemical formation, which was related to appropriate meteorological conditions
(50 % < RH < 70 %) and increased availability of atmospheric oxidants. Air temperature played a minor role in
the change characteristics of PM5 5 concentration, but it greatly controlled the different change characteristics
of SOZi and NO;. The concentrations of PM; 5, its major secondary components, and the oxidation ratios
of sulfate (SOR) and nitrate (NOR) increased synchronously with elevated MDAS8 O3 concentrations, and the
initial increase in PM» 5 along with increased MLH corresponded well with that of MDA O3. We highlight that
the correlation between MLH and secondary air pollutants should be treated with care in hot weather, and the
superposition-composite effects of PM» 5 and O3 along with the evolution of mixing layer should be considered
when developing PM» 5—0O3 coordinated control strategies.

Surface ozone (O3) and PMj 5 (atmospheric fine particles
with an aerodynamic diameter of less than 2.5 um) are im-
portant air pollutants in the atmosphere and have aroused a
lot of attention from the public due to their adverse health
impacts (Jiang et al., 2018; Cohen et al., 2017; Gao and Ji,
2018). Even though stringent clean air actions have been im-

plemented in China during the past decade, high concentra-
tions of O3 and/or PM> 5, exceeding national air quality stan-
dards, still occurred during the warm season, especially in
the North China Plain (NCP), the economic centre of China
(Dai et al., 2023). O3 is a secondary pollutant that originates
from the photochemical oxidation of volatile organic com-
pounds (VOCs) and carbon monoxide (CO) in the presence
of nitrogen oxides (NO, ). The level of PM3 5 is mainly deter-
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mined by pollutant emissions and secondary formation from
gaseous precursors. In addition to air pollutant emissions,
meteorological conditions play critical roles in the formation
of PMj 5 and O3 (Miao et al., 2021). The mixing layer height
(MLH), which influences vertical mixing within the pollution
mixing layer and determines the dilution of pollutants emit-
ted near the ground (Haman et al., 2014; Zhu et al., 2018; Lou
et al., 2019), often serves as a critical physical parameter in
atmospheric environmental evaluation. Elucidating the asso-
ciation of MLH with surface O3 and PM; 5 is fundamental
for the development of PM» 5s—O3 coordinated control strate-
gies.

The response of air pollution to the MLH is variable and
complicated (Miao et al., 2021). In previous studies, it was
often assumed that the narrowing of the mixing layer resulted
in the accumulation of pollutants near the ground, and the in-
crease in MLH was expected to reduce PM; 5 concentration
due to dilution (Murthy et al., 2020; Du et al., 2013). How-
ever, the relationship between mixing layer structure and
PM> 5 concentration depends on the site, observation period,
and the properties of MLH retrievals (Geil3 et al., 2017; Lu
et al., 2019). Although the link between PM» 5 concentration
and MLH has been investigated in many studies, most ob-
servations were conducted in winter conditions and compar-
atively few in hot weather. Interestingly, in some cities, such
as Delhi (Murthy et al., 2020) and Shanghai (Pan et al., 2019;
Miao et al., 2021), an increase in PM, 5 was observed when
the MLH increased during summer. As for O3, the relation-
ship between the changes in the MLH and O3 concentrations
is very complex. Both increase and decrease of O3 have been
observed to correspond to the growth of MLH. Generally,
the O3 concentration decreases, with an increase in MLH
owing to dilution. However, an increase in the MLH gen-
erally promotes the downward mixing of upper air contain-
ing higher O3 (Ma et al., 2021; Haman et al., 2014; Xu et
al., 2018). In addition, the meteorological conditions along
with the changes of MLH can influence O3 concentrations
through effecting O3 gaseous precursors or production rates
(Porter and Heald, 2019; Zhang et al., 2022). The combined
effects of these processes ultimately determine whether the
concentration of O3 decreases or increases.

Other meteorological variables in the mixing layer were
also found to significantly affect PMj 5 and O3 concentra-
tions. Poor air quality in the NCP was closely associated
with near-surface southerly winds and warm stagnant con-
ditions during summer (H. Zhang et al., 2015). The in-
crease in PM3 s concentration often coincided with high rel-
ative humidity (RH) conditions (T. Liu et al., 2017), which
was beneficial to liquid-phase heterogeneous reactions and
fine-particle hygroscopic growth (Seinfeld and Pandis, 2006;
Wang et al.,, 2016; R. Zhang et al., 2015). Temperature
was essential to secondary chemical reactions (Dawson et
al., 2007). The increase in temperature not only promoted
chemical reaction rates but also stimulated the evaporation
of semi-volatile aerosol components, such as nitrate (Wen et
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al., 2018). As for Os, elevated concentrations generally oc-
curred on days with strong sunlight and low wind speeds,
which favoured photochemical production and the accumu-
lation of O3 and its precursors. Several studies have shown
that O3 was significantly positively correlated with tempera-
ture but negatively correlated with RH (Li et al., 2021; Hou
and Wu, 2016; Steiner et al., 2010).

In recent years, long-term PMj 5 composition measure-
ments in the NCP have revealed an increase in the con-
tributions of secondary species, e.g. sulfate (SOi_), nitrate
(NO3'), ammonium (NHI), and organic matter (OM) (Cheng
et al., 2019; J. Wang et al., 2022a). As air quality improved
(PM35 < 50pug m~3), the correlation between O3 and PM, 5
tended to change from negative to positive in China (Chu et
al., 2020). One possible reason is that when the PM> s con-
centration is low, PM; 5 does not reduce actinic flux or the
HO; radical significantly. On the other hand, PM> 5 and O3
tend to be positively correlated, possibly due to their com-
mon precursors, such as VOCs and NO,, and their simul-
taneous generation in photochemical reactions. In addition,
the generation of O3 enhances the atmospheric oxidation ca-
pacity and catalyses the generation of the secondary PMj 5
(Cheng et al., 2019; Kang et al., 2021; Wu et al., 2022). Al-
though some studies have discussed the correlations between
MLH and some secondary pollutants, the understanding of
the interaction between O3 and PMj 5 (including its major
components) along with the evolution of the mixing layer
during the warm season remained poor, owing to the limited
observations of PM» 5 chemical species involved. Regional-
scale observations can represent the variation characteris-
tics of an area and avoid spatial heterogeneity between sites.
However, to the best of our knowledge, previous observa-
tional studies were mostly limited to specific cities. Thus,
rather than drawing conclusions based on individual datasets,
an analysis of multiple data sources is needed to determine
the overall trends.

According to the hourly concentrations of PMj; 5 and
MDAS O3 in China over the years of 2013-2020, the months
of June and July can well represent the typical character-
istics of O3—PM; 5 coordinated pollution during the warm
season in the NCP (Dai et al., 2023). To enhance the under-
standing of the linkages between the mixing layer structure
and air pollution, in this study, a regional-scale field observa-
tion of meteorological factors, O3, and PM; 5 concentration
and its secondary composition were conducted in the NCP
from 1 June to 31 July 2021. For the first time, the potential
associations between ground-level observed O3, PM> 5 and
its dominant components, and mixing layer meteorological
conditions in the NCP during summer are presented and dis-
cussed.
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2 Data and methods

2.1 Measurements

Observations were made in the NCP from 1 June to 31 July
2021. Air pollution observation stations covered 2 megacities
(BeiJ and TianJ; all region abbreviations are defined in Fig. 1)
and 26 surrounding cities (denoted “2 + 26 cities”). The geo-
graphical locations of these stations are shown in Fig. 1. The
NCP is bordered by the Taithang Mountains to the west, the
Yan Mountains to the north, and the Bohai Sea in the east.
The hourly concentrations of ground-level Oz, PM> 5 and its
major components (SO?[, NO; s NHI, and organic carbon
[OC]), and meteorological variables, including air temper-
ature, relative humidity (RH), wind speed (WS), and wind
direction (WD), and 24 h accumulated precipitation, at the
sites were obtained from the platform of the National At-
mospheric Particulate Chemical-Speciation-Network, which
is established for improving the understanding of the heavy
pollution formation mechanism in the NCP and supporting
the decision-making of local governments and state admin-
istration. Hourly SO;, NO,, O3, and PM» 5 and its chemi-
cal compositions were recorded in the PM» 5 component net-
work, which was selected following the Technical Regula-
tion for Selection of Ambient Air Quality Monitoring Sta-
tions published by the Ministry of Ecology and Environment
of the People’s Republic of China (HJ664-2013). The mon-
itoring sites of the PM, s component network were mostly
set up within the cities and reflected the average pollution
level of each city. Details of the near-ground observation
stations of the PMj 5 component network are listed in Ta-
ble S1 in the Supplement. Mass concentrations of SOi_,
NOy3, and NHI in PM; 5 were continuously measured at a
1 h resolution by MARGA (model ADI 2080) or AIM-IC
(URG 9000D) analysers equipped with a PMj 5 sampling
inlet. These two ion chromatography (IC)-based online in-
struments have shown good performance through instrument
intercomparison studies or comparison to offline filters un-
der clean to moderately polluted conditions (Markovic et
al., 2012; Wu and Wang, 2007; Park et al., 2013; Rumsey
et al., 2014). OC was measured online by a Sunset Semi-
Continuous Carbon Analyzer (Sunset Laboratory Inc., USA).
The concentration of OM was obtained by multiplying the
OC concentration by a factor of 1.6 (Li et al., 2021). PM» 5,
03, NO3,, and SO; concentrations were recorded hourly us-
ing Thermo Fisher Scientific samplers and analysers. De-
tailed descriptions of these online sampling instruments can
be found in our previous studies (Kong et al., 2018; J. Liu et
al., 2017; Pang et al., 2020; J. Wang et al., 2022a). The me-
teorological variables were recorded in the national meteoro-
logical observation stations, and the information of each sta-
tion was obtained from the public website of the China Mete-
orological Administration (http://data.cma.cn/data/cdcindex/
¢id/0b9164954813c573.html, last access: 3 February 2023).
The temporal resolution of air temperature, RH, WS, and
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WD was 1h. To avoid the influence of diurnal boundary
layer cycles, this study focused on the relationship between
the daily mean air pollutants and meteorological factors. The
daily mean meteorological factors and PM» s and its major
secondary components were calculated from the hourly data,
and the daily O3 concentration was characterized by the max-
imum daily 8 h average ozone (MDAS O3). Details for the
near-ground observation species and the metrics are shown
in Table S2.

To better demonstrate the overall change characteristics
of the regional air pollution and meteorological conditions
during the observation period, the occurrence frequency (%),
which is the proportion of the cities at each air pollutant or
methodology level, was calculated based on the following
equation:

level

level __ X

Occurrence frequencyy' =~ = Total N x 100%, 1
ota X

where X means the air pollutants or methodology factors,
N f‘vel represents the number of cities at each X level, and
Total Ny represents the total number of cities.

2.2 The calculation of MLH

In recent years, many investigations have progressed in the
atmospheric boundary layer characteristics, and they anal-
ysed the impacts of these parameters on air pollution (Hau-
gen et al., 1971; Wang et al., 2014; Zhang et al., 2005). How-
ever, the way the boundary layer describes the influences
of air pollution is easily duplicated and confused (Niu et
al., 2017). For air pollution measurement, one of the selected
functionalities of the parameterization scheme for pollution
mixing layer is to judge whether an air mass over a spe-
cific locality satisfies the “static and stable” attribute or not.
Therefore, in this work, to express the basic physics for di-
agnosing meteorological conditions, we used the concept of
pollution MLH proposed by Wang et al. (2017), which was
based on the classical synoptic theory according to the level
of the convective condensation layer, and the details of this
method can be seen in previous work (Wang and Yang, 2000;
Wang et al., 2017).

To be specific, we defined the height close to the cloud
base as the height of the supersaturation layer (Hssr). The
isentropic atmospheric process meets the level of the convec-
tive condensation layer (LCL) in the supersaturation state;
that is, it is very close to the Hssp. An iterative algorithm
was used to work out the Hssr, (Wang and Yang, 2000):

0.622_%

, 06224062255
Hssp, ~LCL = 6.11 x 10% x P=S ) @)

17.13(T —273.16)

es = 6.22 x exp T 38

) 3)
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Figure 1. Location of monitoring stations in the North China Plain.

where eg represents the saturated water vapour pressure, and
T is the temperature (K). Equation (2) can be used to cal-
culate the Hgsr, which is favourable for pollutant mixing
and is represented by (P). Below this height, the atmosphere
gets supersaturated, causing the pollution mixing and wetting
process in low altitudes to continue, so this height is called
the height of pollution mixing layer (MLH). Thus, MLH can
be derived in the following expression:

Cs

0.622+0.622 5%

) “

According to the relationship between air pressure and
height, the units of MLH can be converted to the height (in m)
as follows:

Pz Z
f dp=— / pogdz,
Po 0

where z is the height, pg is the density of gas, and p, and pg
represent the air pressure at the heights of z and 0, respec-
tively.

Several studies have verified the reliability of the results
based on this method. Using this method, Wang et al. (2017)
characterized the features of the mixing layer height in highly
sensitive areas of pollution in China. J. Wang et al. (2022b)
also used this method to explore PM> 5 and O3 superposition-
composite pollution events during spring 2020 in Beijing,
China, and the hourly evolution of MLH, O3, and PM> 5 dur-
ing the observation period was analysed. In addition, Niu et
al. (2017) have applied this method to Beijing, and the results
showed that the pollution mixing layer could effectively rep-
resent the change characteristics of the haze pollution pro-
cess. In this work, we applied this method to investigate the

MLH ~ Hsgr, %LCL=6.11><102><< —

O.622p_

&)
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impact of MLH on the change characteristics of ozone and
fine particulate matter.

3 Results and discussion

3.1 General characteristics

The summertime change characteristics of ground-level me-
teorological factors (MLH, RH, temperature, and WS),
MDAS O3, and PM» 5 and its major components in the NCP
are shown in Figs. 2 and S1 in the Supplement. The primary
atmospheric pollutant in the NCP during the summer was
O3, and the concentrations of MDAS8 O3 averaged over all
sites in the NCP varied from 74.94 to 219.28 ugm™3, with the
mean value of 151.72 ugm™3 (Table 1). O3 pollution lasted
for nearly the entire observation period and was character-
ized by frequent and long-lasting pollution episodes. The
PM, 5 concentration was much lower when comparing with
O3 during the observation period. The mean, maximum, and
minimum of the regional daily mean PM> 5 concentration
was 25.62, 45.62, and 11.32 ugm ™3, respectively. NO3 was
the prominent PM5 5 component, with the mean concentra-
tion of 7.76 ugm™3. According to the National Ambient Air
Quality Standard of China (GB3095-2012), the daily PM> 5
averages in the 2 426 cities can meet the level-II standard of
75 ugm—3, while exceeding the level-I standard (35 pgm—3).
As shown in Fig. 2, the regional PM; 5 pollution processes
corresponded well with the increasing processes of MDAS
O3. Here, we define a O3—PM> 5 co-polluted episode as a
set of continuous days (longer than 4 d) with MDAS O3 and
daily mean PM> 5 (in more than 10 % NCP cities) exceeding
160 and 35ugm™3, respectively. On the basis of this crite-
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rion, three typical O3—PM; 5 co-polluted episodes were se-
lected: 4-14 June (Episode I), 18-29 June (Episode II), and
2—11 July (Episode III) 2021.

During these three typical episodes, the synchronous
change characteristics of air pollutants and the mixing layer
meteorology were analysed. In Episodes I and II, when MLH
was higher than 2100 m, both MDAS8 O3 and PM; 5 concen-
trations were low. Along with the reduction in MLH (from
1800-2100 to 1200-1800 m), regional MDAS O3z and PM> 5
concentrations both gradually increased. When MLH fell in
the range of 1200-1800 m, MDAS8 O3 concentration reached
the maximum, with approximately 80 % of areas having lev-
els greater than 170 uygm—>. With a further decrease in MLH,
MDAS O3 declined, whereas PM; 5 remained stable or con-
tinued to increase, when the regional MLH was in the range
of 600-1200 m. In Episode III, the MLH in most cities was
lower than 1200 m, and the regional MDAS O3 and PM; 5
pollution conditions were lighter than other episodes, with
80 % of the PM, 5 values less than 35 ugm™>. It is interest-
ing to note that the change characteristics of SOi_ and NO;
differed (Fig. S1), and the regional peaks of these two com-
ponents were inconsistent, especially in Episode II. With the
evolution of MLH, NO;3" climbed up and peaked on 24 June
when there was a regional MLH lower that 900 m, and SOi_
reached the maximum on 28 June when MLH was approx-
imately 900—1500 m. This may be related to other synchro-
nized mixing layer meteorological factors, such as RH and
temperature. For example, the evolution of the mixing layer
is often accompanied by changes in temperature. The in-
crease in temperature can promote the chemical formation
rate of these secondary components but also stimulate the
volatilization of NO; to gaseous state (HNO3), which leads
to the decrease in NOj concentration. Further analysis of the
responses of O3 and PMj 5 and its secondary components to
different mixing layer meteorological factors is presented in
the following sections.

3.2 Evolution of ozone with mixing layer meteorology

To quantify the effect of MLH on near-ground O3 concen-
trations, relationships between MLH and MDAS O3 were
analysed (Fig. 3a). A data-binning method was used to re-
move the expected day-to-day atmospheric variability from
the sampling uncertainty (Seidel et al., 2010), which has
been applied in other studies (Lou et al., 2019). The MLH
was grouped into eight classes of 300 m width: 0-300, 300-
600, 600-900, 900-1200, 1200-1500, 1500-1800, 1800—
2100, and > 2100m. It was found that MDA8 O3 concen-
tration dramatically increased when MLH fell in the range
of 0-900 m and levelled off when MLH was approximately
900-1800 m, with the maximum MDAS8 O3 of 195.88 +
4276 ugm™3, after which the concentration began to de-
crease with further development of MLH. This non-linear
relationship between MDAS O3 and MLH is consistent with
the results reported by Zhao et al. (2019), who found that
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the O3 concentration was highest at medium boundary layer
heights (1200-1500 m) during summertime in Shijiazhuang,
China.

The relationship observed between MDAS8 O3 and MLH
is complex. Previous studies have shown that a higher MLH
can lead to the mixing of near-surface air with the Ogz-
rich air aloft, resulting in enhanced surface O3 concentra-
tions (Reddy et al., 2012). Concurrently, the evolution of
the mixing layer was strongly associated with the changes
in other meteorological conditions, such as air temperature,
RH, and precipitation, which can also affect the O3 con-
centration (Haman et al., 2014). The combined effects of
these processes ultimately determine whether ground-level
Os increases along the evolution of the mixing layer. The
increase in the MLH often coincides with higher air tem-
perature, lower RH, and less precipitation (Fig. 3c), and this
combination of factors is more conducive to O3 production
(Ma et al., 2021; Xu et al., 2018). As shown in Fig. 4a—c,
as the MLH remained constant, the MDAS8 O3 concentration
climbed up with the increase in air temperature but decrease
in RH and precipitation levels. Possible reasons for these re-
sults are the following: (1) the increase in RH contributes to
the depletion of O3 and leads to weakened O3-related pho-
tochemical reaction (Ma et al., 2021; Yu, 2019); (2) due to
higher RH or rainfall, gaseous precursors and O3 are washed
out from the atmosphere through wet deposition (Reddy et
al., 2012); and (3) the rise of temperature accelerates the
emission rate of gaseous precursors, such as biogenic VOCs
and soil NO, (Dang et al., 2021; Porter and Heald, 2019), and
also stimulates the photochemical reaction rate in the gener-
ation of O3 (Ma et al., 2021). Wind fields also alter surface
O3 concentrations by transporting O3 or its precursors into
and out of the region (Ma et al., 2021). As shown in Fig. S2,
during the entire campaign the NCP was dominated by winds
from the northeast and south (45-225°). Because more than
75 % of WD values were in the range of 45-225°, the WD
was classified into four categories: 45-90, 90-135, 135-180,
and 180-225°. As shown in Fig. 3d, along with the evolu-
tion of the mixing layer, the WD gradually changed from the
northeast (MLH = 0-600m) to the southeast (MLH = 600—
900m) and south (MLH =900-1200m). Southerly winds
can transport the gaseous pollutants or O3 from the southern
part of the plain area to the northern part, and the Taihang
Mountains may block pollutant transport, leading to pollu-
tant accumulation at the foot of the Taihang Mountains. It
should be noted that the concentration of MDA8 O3 was
higher when the plain was dominated by southerlies (180-
225°) when MLH was lower than 1200 m (Fig. 4e). Gen-
erally, WS can affect the diffusion of air pollutants. Owing
to the limited dilution and dispersion effects of weak winds,
the MDAS O3 concentrations at low wind speed (0—1 m s~h
were relatively higher than those of the other WS conditions
(Fig. 4d) .
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Figure 2. Occurrence frequency (%) of PM, 5, MDAS Oz, and meteorological factors under different levels in the NCP from 1 June to
31 July 2021. The colour shading represents different categories classified by PM; 5, MDAS8 O3, and meteorological factors. Boxed areas

delineated by red dashes represent three typical PM» 5 and O3 co-polluted episodes: 4-14 June (Episode I), 18-29 June (Episode II), and
2-11 July (Episode III), 2021.

Table 1. General information on O3—PM> 5 co-polluted episodes from 1 June to 31 July 2021.

Episode 1 | Episode 11 | Episode 111 | Summer
Ave. Min Max | Ave. Min Max | Ave. Min Max | Ave. Min Max

Gaseous pollutants (ugm™—3)

MDAS O3 170.80 85.62 219.28 180.65 142.10 204.15 | 168.70 111.79 199.39 | 151.72 74.94 219.28
SO, 10.01 6.48 14.44 9.09 6.11 12.48 6.75 5.72 8.00 7.59 4.79 14.44
NO, 24.61 16.26 31.81 22.89 14.11 32.15 17.66 13.12 21.00 19.31 10.90 32.15

PMj; 5 and its major components (ug m~3)

PM 5 30.55 15.74 42.67 28.33 17.22 42.52 25.05 20.84 31.75 25.62 11.32 45.62
NO; 8.74 2.16 16.44 8.29 2.85 18.00 7.67 5.87 13.44 7.76 2.16 18.24
SO?:L 7.22 2.81 10.25 7.32 4.02 12.15 7.12 5.48 8.92 7.04 2.81 12.15
NHI 5.51 1.42 9.34 5.52 227 9.29 5.38 4.46 8.21 5.30 1.42 9.88
oC 5.11 2.74 6.60 4.71 3.25 6.75 4.11 2.90 5.30 432 2.69 6.75

Meteorological variables

MLH (m) 134273 30593 242342 | 1190.36 626.51 2127.31 | 740.86 46091 950.10 | 855.99 305.93 2423.42
T (°C) 26.24  23.86 28.91 27.41 25.53 28.76 27.58 24.85 30.14 26.69 2248 30.14
RH (%) 57.01 32.78 90.54 56.90  37.04 70.60 71.45 64.64 80.38 68.70 32.78 90.54
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Figure 3. Variation characteristics of (a) MDAS8 O3, (b) PM; s, (¢) temperature, RH, 24 h precipitation, and (d) WS and WD in different
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3.3 Evolution of PM2 5 and its secondary compositions
with mixing layer meteorology

The concentration distribution of surface PM; 5 in different
MLH bins is shown in Fig. 3b. Interestingly, PM> 5 showed a
similar change profile as MDAS8 O3, which initially increased
and then declined with the growth of MLH. PM; 5 concen-
tration reached the maximum of 31.65ugm™> when MLH
fell in the range of 900-1200 m and the concentration had
increased by 1.51 uygm™3 through the rising phase for the
variation of 100 m MLH. This phenomenon differs from the
results obtained in the cold season (Pan et al., 2019; Du et
al., 2013; Murthy et al., 2020). It has been suggested that the
narrowing of the mixing layer compressed air pollutants into
a shallow layer, resulting in elevated pollution levels; thus,
MLH has been illustrated as the key factor that aggravated
the haze events in large cities of China in winter. However,
the response of PMj 5 concentration to MLH is not only de-
termined by the vertical stratification of the mixing layer but
also by local sources, secondary chemical formation, wet de-
position, and the wind field (Lu et al., 2019; Geif3 et al., 2017;
Pan et al., 2019; Miao et al., 2021; Lou et al., 2019). It should

https://doi.org/10.5194/acp-23-14715-2023

be noted that in this study there were still some extremely
high PM> 5 values under low-MLH conditions, as shown in
Fig. 3b. This phenomenon will be discussed in the following
part when exploring the effect of precipitation.

The response of PM, s concentrations to mixing layer
structure was the net effect of the changes in PM, s ma-
jor chemical components, such as SOi_, NO3, NHZ, and
OC. The changes in the major components of PM» 5 due to
the evolution of the mixing layer are shown in Fig. 5. All
the secondary components showed increasing trends when
MLH was lower than 1200 m, with SO?[ and OC showing
the highest increment, followed by NO; and NHI. When
MLH changed from 300-600 to 900-1200 m, the increment
was not significant for NO3" and NHI. As NH3 was generally
abundantly supplied in the NCP, the formation of NHI was
predominantly controlled by the reaction of ammonia with
sulfate and nitrate aerosols, and the changes in NHZr were
a consequence of the changes in SO?[ and NO;3 (Chow et
al., 2022). When MLH < 1200 m, the mass fraction of NO5
was higher than SOi_ in PMy 5 (Fig. S3), and the change
characteristics of NH;L'r along with the evolution of mixing

Atmos. Chem. Phys., 23, 14715-14733, 2023
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layer were consistent with that of NO;'. The mass ratio of
SOi_ to NO5 gradually increased along with the develop-
ment of mixing layer. When MLH was higher than 1200 m,
SO?[ surpassed NO; and became the dominant PM; 5 com-
ponent. The difference in the relationships between these
aerosol species and MLH reflected the intrinsic complexity
mechanisms of PMj 5 formation, which were probably re-
lated to other meteorological parameters, such as tempera-
ture, RH, precipitation, WS, and WD. To understand how
the other meteorological factors impacted the relationship
between MLH and PM> 5, we analysed the statistics on the
concentration distribution of PMj 5 and its dominant compo-

Atmos. Chem. Phys., 23, 14715-14733, 2023

nents with the increase in MLH under different RH, temper-
ature, precipitation, WS, and WD conditions (Figs. 6 and 7).

Temperature is not only essential for the secondary chem-
ical reaction of trace gases but also for the gas—particle parti-
tioning of volatile PM; 5 species. The response of PM; 5 and
its dominant components to MLH followed similar change
characteristics under different temperature conditions, all in-
creasing with the development of the mixing layer when
MLH was lower than 1200 m. The response of PM3 5 to tem-
perature was largely the result of opposite changes in NO3’
and SOZ_ concentrations with a smaller role played by or-

ganics (Fig. 7). Specifically, as MLH kept constant, SOif
concentration climbed up with increasing temperature level,

https://doi.org/10.5194/acp-23-14715-2023
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while the concentration of NO; declined when temperature
kept going up. Higher temperature may promote faster ox-
idation of SO, to SOﬁ_, resulting in a significant increase
in SOﬁ_ concentrations. Unlike SOi_, which predominantly
exists in the particle phase, NO5 could be either presented as
nitric acid (HNQO3) in the gas phase or as ammonium nitrate
(NH4NO3) in the particle phase (Chow et al., 2022). Temper-
ature strongly influenced the partitioning of nitrate between
the gas and particle phases. Higher temperature prompts the
partitioning of nitrate to HNOs; thus, nitrate tends to exit in
the gas phase, resulting in a significant decrease in NO;" and
NHJr concentrations.

The response of PM» 5 and its dominant components to the
evolution of the mixing layer was more sensitive to RH, and
the distinct distribution characteristics under different RH
ranges are shown in Figs. 6b and 7b. When MLH fell in the
range of 300-900 m, the concentration of PM» 5 (Fig. 6b) and
its major components (Fig. 7b) mostly decreased with RH
rising from 50 %—70 % to 70 %—90 %. Previous studies have
shown that when RH is higher than 60 %, local humidity-
related physicochemical processes play important roles in
transforming the gases into aerosols (M. Wang et al., 2022;
Liu et al., 2020). We considered that the RH range from
50% to 70 % was more beneficial for the aqueous chemi-
cal production of major PM> 5 components, thus leading to
the increase in PMj; 5 concentration. It is worth noting that
when MLH fell in the range of 0-300 m, with RH increas-
ing from 70 %-90 % to > 90 %, the concentration of PM> 5

https://doi.org/10.5194/acp-23-14715-2023

(Fig. 6b) and its major components (Fig. 7b) severely de-
creased, which was probably related to the fast hygroscopic
growth and enhanced wet deposition processes.

All aerosol species have wet deposition as a major sink;
therefore, precipitation is expected to have significant effects
on PM; 5 concentrations. As shown in Fig. 6¢, changes in the
concentrations of PM» 5 were sensitive to rain events. When
the MLH fell in the range of 0—300 m, the concentration of
PM; 5 significantly decreased during the rainfall period. In-
terestingly, when no rainfall occurred, even though the PM> 5
concentration kept stable under low-MLH conditions, its re-
sponse of PM, 5 concentrations to MLH followed an upward
trend as the MLH increased from 300-600 to 900—1200 m.
As for specific aerosol species (Fig. 7¢), NO;" and NHI con-
centrations showed two prominent peaks, with one in the
range of 0-300 m and the other in the range of 900-1200 m.
Under low-MLH conditions, the concentrations of NO;™ and
NH+ were high, with NO3™ as the dominant spemes in PM> 5
(Flg 8b). With the growth of MLH, NOj and NH initially
decreased but turned to increase again when MLH fell in the
range of 900-1200 m. As for SO?[ and OC, the concentra-
tions increased with the elevation of MLH and exceeded that
of NO3 when the MLH was higher than 1200 m. As shown
in Flg 8a, a low mixing layer was generally accompanied
by cloudy and rainy conditions during summer in the NCP
in 2021, and only a small fraction of days without rainfall
were captured during this period. Therefore, despite some
high PM; 5 or major aerosol species values that have been

Atmos. Chem. Phys., 23, 14715-14733, 2023
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witnessed under low-MLH conditions, the overall trend in
Fig. 3b was still upward along with the growth of the mixing
layer (MLH < 1200 m). The increase in PM» 5 and its major
chemical components under medium-MLH conditions was
not only associated with the weaker particle removal process
by precipitation but also related to the enhancement of sec-
ondary aerosol formation due to the appropriate chemical re-
action environment.

WS can represent the atmospheric dissipation potential in
the horizontal directions (Zhu et al., 2018). Low WS gener-
ally suggests weak pressure gradients and potentially more
favourable meteorological conditions for PM; s enhance-
ment (Ma et al., 2021). As expected, the concentrations of
PM, s (Fig. 6d) and its aerosol species (Fig. 7d) gradually

Atmos. Chem. Phys., 23, 14715-14733, 2023

decreased with increasing WS. The response of these air pol-
lutants to the MLH followed similar upward trends under dif-
ferent WS conditions (MLH < 1200 m). Compared with O3,
the impact of WD along with the increase in MLH seems
different for PM, 5 and its dominant components. When
the MLH fell in the range of 600-1200m, the NCP was
dominated by southeast or southern winds (Fig. 3d). How-
ever, when southeast or southern winds prevailed, the corre-
sponding PM> 5 and its dominant component concentrations
were comparable or even lower than in other WD situations
(Figs. 6e and 7e). This indicated that regional transport was
not the dominant factor leading to the elevation of PM» 5 and
its aerosol species along with the evolution of the mixing
layer (MLH < 1200 m).

https://doi.org/10.5194/acp-23-14715-2023
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3.4 Superposition-composite effects of PM2 5 and O3
with the evolution of mixing layer

3.4.1 A case study of the typical PM» 5—O3 co-polluted
episode

Previous results have indicated that MDAS8 O3 and PM; 5
concentrations were closely related to the evolution of the
MLH. The increasing trend of PMj 5 concentration with the
development of mixing layer under medium-MLH condi-
tions indicated that the evolution of the mixing layer was not
a simple physical dilution process, and its influence on the
enhanced secondary photochemical formation should also be
considered. We illustrated the relationship between the mix-
ing layer and pollutant levels in Figs. 9 and 10, showing a
typical PMj; 5—O3 co-polluted episode (Episode II) during
18-29 June 2021. On 18-20 June, the MLH gradually in-
creased from 600-1200 to 1500-3000 m in the southern and
eastern parts of the NCP, and the PM3 5 and MDAS O3 con-
centrations concurrently increased and showed similar spa-
tial distributions. The WS dropped significantly on 20 June,
and the value was lower than 1m s~! in most cities. On
21-23 June, the MLH began to decrease from 1500-3000
to 1200-1800 m, PMj3 5 and MDAS8 O3 concentrations fur-
ther increased, and the areas of high PMj 5 concentrations
also coincided well with those of MDAS8 O3 concentrations.
During 24-25 June, the MLH continued to decrease, with
some values even lower than 300 m. The MLH for the areas
with high MDAS8 O3 was in the range of 900—1500 m. Inter-
estingly, the synchronized spatial change characteristics of
PM; 5 and MDAS O3 were consistent when MLH fell in the
range of 900—1200 m but inconsistent when MLH was lower
than 600 m. A significant rise in PM3 5 concentration was ob-
served in some cities with MLH was lower than 300 m. It
is noted that the dominant chemical composition of PM> 5
in these areas was NO;5. On 28 June, the rise in MLH was
observed in the central and southern parts in the NCP, and
a surge in MDAS O3 and PM; 5 concentrations occurred
(with 160-220 and 40-50 ugm™3, respectively). In general,
most cities were dominated by weak winds from the east and
southeast, which favoured the formation of secondary pollu-
tants from gaseous precursors transported from the southeast
part and promoted the accumulation of air pollutants.

To better understand this PM, 5—O3 co-polluted event,
here we classified the observations during this typical event
into four categories: O3 polluted days (O3PDs; MDAS
O3 concentration > 160ugm™3 and PMj 5 < 35ugm™3),
PM, s polluted days (PM>sPDs; MDA8 O3 concentra-
tion < 160 ugm_3 and PM; 5 > 35 pgm_3), 03-PM;, 5 co-
pollution days (O3—PM; sCPDs; MDAS O3 concentration >
160 ugm™3 and PM> 5 > 35 ugm™?), and non-polluted days
(NPDs; MDAS O3 < 80ugm™ and PM,5 < 35ugm™).
The meteorological and chemical characteristics of the O3—
PM, 5CPD, O3PD, PM, 5PD, and NPD categories are pre-
sented in Fig. 11. The results indicate that the values of

Atmos. Chem. Phys., 23, 14715-14733, 2023
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MLH on O3-PM; 5CPDs were between those on O3PDs and
PM; sPDs at approximately 900 m. On O3—PM; sCPDs, the
oxidation ratio of sulfate (SOR, the molar ratio of sulfate
to the sum of sulfate and SO,) and oxidation ratio of ni-
trate (NOR, the molar ratio of nitrate to the sum of nitrate
and NO,) were the highest, with values of 0.44 and 0.33,
respectively, which indicated the strong secondary forma-
tion of SO?[ and NO; promoted by high O3 concentration.
The PM; 5PDs occurred when MLH was lower than 650 m,
and the percentage of NO; was the highest on PMj 5PDs.
The rise in PM; 5 in some cities under low-MLH conditions
may be attributed to three mechanisms. The first is the ac-
cumulation effect due to unfavourable diffusion conditions
when MLH decreased. Secondly, these cities experienced lit-
tle rain, and the effect of wet deposition was weak. In addi-
tion, the corresponding low temperature and high RH stimu-
lated the formation of NOj3™ from the gaseous state (HNO3).
On the O3PDs, the MLH was approximately 1300 m, and the
NOR turned to decrease, demonstrating a more significant
role of the partitioning process between gas and aerosols than
that of the atmospheric oxidation process at this stage. On
the NPDs, the MLH was the highest, with a value of approx-
imately 2400 m, and the PM; 5 chemical composition was
dominated by OM.

To explore the relevance of hourly O3, PM3 s, its compo-
nents, and MLH, we have taken PuY and HeZ as examples.
Figure S4 plotted the day-to-day variations along with the
diurnal variations in O3, PMj 5, its components, and MLH
in PuY and HeZ during Episode II (18-29 June 2021). The
results showed that there was large diurnal and day-to-day
variability in O3 and PM5 s levels. Diurnal variations in MLH
were clearly visible (Fig. S5), with an increase in MLH dur-
ing the daytime and a decrease at night. The concentration
of PMj 5 increased with the decrease in MLH at night, but
the concentration of O3 increased with an increase in MLH
during the daytime. Interestingly, we observed a noontime
soaring of SOﬁ_ and OC concentrations in PuY, and the val-
ues of SOR remained stable or even increased at noon. Ad-
ditionally, O3 and PM> 5 gradually accumulated with the de-
velopment of mixing layer during 18-21 and 26-28 June,
which can be attributed to the O3 and PM; 5 superposition-
composite effects. The decrease in PMj 5 during the daytime
with the rise in MLH can be offset partly by an increment
in secondary pollutant formation derived from O3 growth.
Then, with the decrease in MLH at night, the concentration of
the original existing PM; 5 increased, owing to unfavourable
diffusion. In general, the conclusions of this study are only
suitable for the day-to-day relationship between air pollu-
tants and MLH. Hourly relationships are much more com-
plicated and require further analysis.
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Figure 10. Spatial distribution of (a) MLH, (b) MDA8 O3, (¢) PM» s, (d) the dominant PM> 5 chemical component (N: NO; dominant,
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change characteristics of WS and WD in the NCP from 24 to 29 June 2021. The dominant PM; 5 chemical component type was identified
with the method proposed by J. Wang et al. (2022a): if the mass fraction of the maximum component was 1.2 times higher than that of the
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Figure 11. Distribution characteristics of (a) NOR and SOR and
(b) the mass fractions of major PMj 5 components, MLH, RH, and
temperature under O3—PM, 5CPDs, O3PDs, PM, 5PDs, and NPD
conditions from 24 to 29 June 2021.

3.4.2 Interaction between PM» 5 and Oz along with the

evolution of MLH

Figure 12 displays the box-and-whisker plots of PM; 5 and
its major components for different MDA8 O3 conditions.
To isolate the impacts of precipitation on PMj> 5 concen-
tration, these rainy days when the daily rainfall amount
was greater than 0 mm were excluded. Here the concen-
trations of PMj 5 and its major components were found to
increase synchronously with elevated MDA8 O3 concen-
tration, especially when MDAS8 O3 increased from < 140
to 180-200 ugm 3. This summertime collaborative growth
process of PM» 5—03 has also been observed in other stud-
ies (F. Wang et al., 2022; Wu et al., 2022). With elevated
MDAS O3 concentration, SOR and NOR both slightly in-
creased and reached the maximum when MDAS8 O3 was
at around 160-200 ugm™3, which indicated the strong sec-
ondary formation of SOﬁ_ and NO; promoted by high O3
concentration. When MDAS Oj3 increased from 180-200 to
> 200 ug m™—3, the concentrations of NO3_ s NHI, and SOi_
kept stable or began to decrease, and the values of SOR and
NOR decreased synchronously. During this stage, the high
O3 concentration was often accompanied by dry and hot me-
teorological conditions, which was not beneficial to aqueous
chemical production and was conducive to the partitioning of
nitrate to the gas phase.

https://doi.org/10.5194/acp-23-14715-2023

Figure 12. Box plots showing the statistics of (a) PM> 5, (b) NOR
and SOR, (c¢) SO?‘_, (d) NOg, () NH;, and (f) OC for different
MDAS O3 conditions (< 140, 140-160, 160-180, 180-200, and >
200 pug m~3). The distance between the bottom and the top of the
box reflects the interquartile range; the line and square in between
are the median and mean values, respectively. The whiskers above
and below the box refer to the 95 % confidence interval of the data.
Note that rainy days were excluded.

To verify the potential impact of photochemical oxidation
on the increase in PM3 5 concentration with mixing layer de-
velopment, the changes in PM»> 5 and MDAS8 O3 along with
the increase in MLH were quantified in the 2426 cities
in the NCP. Linear regression equations between air pol-
Iutants and MLH were fitted during the initial increasing
stage (300 m < MLH < 1200 m), and their slopes are shown
in Fig. 13. The slopes indicated the rates of the maximum
changes in air pollutant concentration per unit change in
the MLH (100m). The slopes of PMj 5 and O3 were ex-
pressed as APM»s and AO3 (pgm_3 (100)m™"). It was
found that APM; 5 was closely related to AO3 (R2 =0.58),
and the spatial difference in APM,5 and AO3 was wit-
nessed in the NCP during the observation period. APM3 5
and AO3 both showed high values in YangQ, LangF, and
CangZ, with values of 7.56 and 20.24 uygm™> (100)m~! in
YangQ, 5.75 and 18.97 ugm~3 (100) m~! in LangF, and 4.02
and 19.49 ugm=> (100)m~! in CangZ, respectively. Com-
paring with these cities, APMj 5 and AO3 were lowest in
HeB, with the value of 3.54 and —2.02 ug m—3 (100) m~! re-
spectively, which implied that the secondary formation here
was weak, and the surface PM» s change characteristic was
dominantly controlled by local emissions or vertical diffu-
sion effect.
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Figure 13. Spatial distribution of (a) APM> 5 and (b) AO3. (¢) The relationships between APM; 5 and AO3 in the NCP during summertime.
The corresponding correlation coefficient (R?)is given at the top of the panel.

Compared to winter, photochemistry in summer is quite
active because of strong solar radiation. Although a deep
MLH favours the dilution of air pollutants, a higher MLH
can also promote secondary chemical feedback by enhanc-
ing the availability of atmospheric oxidation capacity (such
as changes in O3) along with appropriate meteorological con-
ditions. This conclusion corresponds well with the findings
based on a chemical transport model (Dai et al., 2023), which
proposed strong chemical production of secondary aerosols
when the planetary boundary layer height was approximately
946.1 m on O3—-PM 5 co-pollution days. The strong chemi-
cal productions in the oxidative atmosphere at medium-MLH
conditions may overcome the dilution effect on PM> 5 in-
duced by mixing layer development, leading to higher PM; 5
level at the ground level. However, it should be noted that
the conclusions of this study are only suitable for summer-
time regional observations, especially for the warm and hu-
mid season. Conditions were different in winter (much lower
O3 levels). More extended observations in time and space are
needed in the future to further examine and better understand
the complex interactions between MLH, air pollution, and
chemical processing.

4 Conclusions

The MLH is generally considered a critical physical param-
eter in atmospheric environmental evaluation. It is assumed
that an extended mixing layer may lead to the dilution of
air pollutants and thus tend to decrease surface concentra-
tions. Several publications have indeed reported such anti-
correlations in cold seasons. However, the understanding of
the interaction between near-surface O3 and PMj; 5 (includ-
ing its major components) along with the evolution of the
mixing layer during the warm season, remains poor. Fur-
thermore, previous observational studies were mostly lim-
ited to specific cities. This paper is devoted to these topics
by examining the response of MDAS O3, and PM3 5 and its

Atmos. Chem. Phys., 23, 14715-14733, 2023

major components to the changes in mixing layer meteo-
rology in the NCP during summer. We showed that MDAS
O3 initially increased and then decreased with the growth
of MLH. The maximum turning point of the MLH was ap-
proximately 900—1800 m. As for near-ground PM5 s, a simi-
lar non-linear change profile was found, with the maximum
value of 31.65 uygm~> under medium-MLH conditions (900
1200 m), which was quite different from the results con-
ducted in the cold season. Compared to winter, the occur-
rence of low MLH during summer in the NCP was mostly
accompanied by cloudy or rainy conditions, which promoted
wet deposition and led to low concentrations of PM» 5 at the
ground level. Under medium-MLH conditions, strong chem-
ical productions of SOi_ and OC occurred along with ap-
propriate mixing layer meteorology, where RH was around
50 %—70 % and the availability of atmospheric oxidants (i.e.
0O3) increased. Strong chemical productions under medium-
MLH conditions may offset the diffusion effect on PM> 5 in-
duced by the mixing layer development, resulting in higher
PM; 5. The chemical characteristics of PM» 5 changed sig-
nificantly with the growth of MLH. The composited con-
centration of NO; was the highest under low-MLH condi-
tions, while the composited concentrations of SOi_ and OC
increased under medium-MLH conditions. Temperature was
the key factor controlling the different changes in NO;™ and
SOﬁ_ concentrations in PMj; 5. We conclude that MLH can
be an indicator of air pollutants in cold seasons, but the cor-
relation between MLH and air pollutants, such as Oz and
PM, s, should be treated with care during the hot season.
At least for the observation period in the NCP, this was not
the case. Although several studies have examined the change
characteristics of the MLH and its influence on ground-level
O3 and PM s, it remains challenging to elucidate the mech-
anisms underlying these complex relationships. In this study,
we did not quantify the sensitivity of Oz and PMj 5 to differ-
ent meteorological factors and chemical processes. To better
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understand the complex interactions among MLH, air pollu-
tion, and chemical processing, a more detailed consideration
with the aid of explicit models is needed in the future. We
also note that the present study is only confined to summer
conditions (including 2 summer months) in the NCP, and the
conclusions are likely to differ for other seasons and regions.
Therefore, more extensive observations in time and space are
required in the future.
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