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Abstract

Air quality has greatly improved in China owing to the strict control policy enforced during the last
decade. This study investigated the impact of particulate pollution control on aerosol
hygroscopicity and cloud condensation nuclei (CCN) activity in North China based on several data
sources. The mass concentration of particles with an aerodynamic diameter smaller than 2.5 ym
(PM, 5) decreased by one third from the summer of 2014 to the summer of 2020 in Xinzhou (XZ).
The mass fractions of aerosol chemical components in PM, 5 also clearly changed, showing an

increase in hydrophilic inorganics and a decrease in hydrophobic organics and black carbon from
2014 to 2020. Measurements of the particle number size distribution in XZ indicate that the
occurrence frequency of new particle formation (NPF) events decreased significantly from 2014 to
2020, leading to a reduction in the generation of daytime ultrafine particles. The weakened NPF
and increasing influence of morning and evening peak emissions modified the diurnal variations of
the number concentration of condensation nuclei (Ncy) and CCN (N¢ccn). The aerosol activation
ratio was always higher in the summer of 2014 than in the summer of 2020. These results
demonstrate that particulate pollution control can decrease Ncy and N¢cn but enhance aerosol

hygroscopicity and activation ability.

1. Introduction

Aerosols, solid and liquid mixtures suspended in the
atmosphere, have highly uncertain physicochemical
properties. At a certain water vapor supersaturation
(8S), some aerosol particles can be activated as cloud
condensation nuclei (CCN) to form cloud droplets.
CCN activity depends on particle size, chemical com-
ponents, and mixing state (Wu et al 2013; Zhang et al
2017a). Anthropogenic emissions have a strong influ-
ence on aerosol physicochemical properties.

With rapid economic development over the
past decades, extensive production in China has
led to severe air pollution (Chan and Yao 2008).

Through industrialization and urbanization, differ-
ent emission sources and aging processes make aer-
osol physicochemical properties complicated and
highly variable. The occurrence and evolution of haze
have a great impact on the aerosol mixing state and
chemical composition, among others (Wang et al
2021). Fossil fuel energy, represented by coal burning,
is the main source of air pollution and carbon emis-
sion in China (Jin et al 2016).

Since the 1980s, air quality in China had been
worsened until the most recent decade when increas-
ing attention and efforts have been devoted to tackle
this problem. Early air pollution control measures
have had a limited effect, and their implementation
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has been slow. Until the 11th Five-Year Plan began in
2006, air pollution control measures began to roll out
gradually (Jin et al 2016). Data analyses and numer-
ical simulations using the China High Air Pollutants
(CHAP) dataset indicate that the mass concentra-
tion of particles with an aerodynamic diameter smal-
ler than 2.5 pm (PM;5) increased before 2007 and
remained at a high level until 2013. Several large-
scale haze pollution events broke out in China at the
beginning of 2013, finally capturing people’s atten-
tion (Wang et al 2014). Following these events, the
government issued a strict control policy to address
the air pollution problem. Until 2017, PM; 5 in most
areas of China had significantly decreased compared
with 2013 (Zhang et al 2019). Compared with 2015,
mass concentrations of PM,; 5 in major cities in China
in 2020 had also decreased (Li et al 2022). The sharp
reduction in gaseous precursors and particulate mat-
ter is bound to have had an impact on aerosol physi-
cochemical properties.

Aerosol hygroscopicity and CCN activity repres-
ent the interactions of aerosols and water vapor under
subsaturated and supersaturated water vapor con-
ditions. Aerosol hygroscopicity plays an important
role in aerosol optical properties, atmospheric visib-
ility, and atmospheric radiative forcings (Lohmann
and Feichter 2005). CCN activity is closely related to
the formation of clouds and precipitation and has
an important impact on global climate change (Li
et al 2011). In recent years, many studies about aer-
osol hygroscopicity and CCN activity in China have
been carried out (Wang et al 2001, Zhao et al 2019).
However, few studies have focused on the change
in aerosol hygroscopicity and CCN activity after the
implementation of air pollution control measures.
This study is based on two field campaigns carried
out at the same sampling site (Xinzhou (XZ), Shanxi
Province) in 2014 and 2020 to explore changes in aer-
osol hygroscopicity and CCN activity in North China.
Findings presented here may be useful as references
for future air pollution controls.

This paper is organized as follows. Section 2 intro-
duces the sampling site, instruments, and methods of
data analysis. Section 3 describes the effect of emis-
sion reductions in recent years and compares the dif-
ferences in aerosol hygroscopicity and CCN activity
between 2014 and 2020 in XZ. Section 4 summarizes
the research results.

2. Sampling site, instruments, and data
analysis methods

2.1. The sampling site and background

In the summers of 2014 and 2020, two field obser-
vation experiments studying atmosphere, aerosol,
boundary layer, and cloud interactions were con-
ducted in XZ (38.24° N, 112.43° E). This sampling
site is located in the north-central part of Shanxi
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Province, bordering Hebei Province by the Taihang
Mountains to the east, Inner Mongolia to the north-
west, and Shanxi Province across the Yellow River
to the west (figure S1). The meteorological data
in XZ during measurement periods between 2014
and 2020 are compared in figures S2-S5 and table
S1. They show that there was a little difference of
weather background between two measurement peri-
ods. The cluster analysis of air mass backward tra-
jectories shows that most air masses influencing the
measurement site were from the local sources (figure
S6). Air quality had a general improvement during
the COVID-19 lockdown period in the early 2020
in China although several severe hazes occurred in
northern China due to the unfavorable meteorolo-
gical condition (He et al 2020, Le et al 2020). However,
most lockdown measures ended in April, 2020. Our
measurement period is in summer (July—August).
Figure S7 show that the PM, 5 mass concentrations in
July—August between 2019 and 2020 is considerable,
which implies that the measurement period in 2020
is weakly affected by the COVID-19.

2.2. Instruments

During the two experiments, the scanning mobil-
ity particle sizer (SMPS, TSI Inc.) and CCN counter
(CCNc, DMT Inc.) were connected to measure size-
resolved number concentrations of condensation
nuclei (N¢n) and CCN (N¢en), following the method
known as the scanning mobility CCN analysis (Moore
et al 2010). Figure S8 shows a schematic diagram
of the SMPS-CCNCc system. The dryer and impactor
in this system were used for drying the sample and
blocking large particles. The neutralizer and differ-
ential mobility analyzer were applied to neutralize
electrostatic charges on aerosol particles and select
quasi-monodisperse particles with specific diamet-
ers. The sample flow was split into two paths. One
path flowed into the condensation particle counter
to count Ny, and the other flowed into the CCNc¢
to count N¢cy. Finally, the size-resolved activation
ratio (AR) (N¢en/Nen) was retrieved after apply-
ing the multiple charge correction. From 22 July to
26 August 2014, the SMPS-CCNc system measured
particles with diameters ranging from 11 to 594 nm
every 10 min, while from 11 July to 6 August 2020,
the system measured particles with diameters ranging
from 7 to 300 nm every 5 min. The supersaturation
(8S) of CCNc were 0.07%, 0.1%, 0.2%, 0.4%, and
0.8% in 2014 and 0.2%, 0.4%, 0.6%, 0.8%, and 1%
in 2020.

Two different models of aerosol chemical spe-
ciation monitor (ACSM) were used to measure the
mass concentrations of non-refractory aerosol chem-
ical components, including organics (Org), sulfate
(SOi_), nitrate (NO;3 ), ammonium (NHZ‘), and
chloride (Cl™) in particles with an aerodynamic dia-
meter smaller than 1 gmand 2.5 ym (PM; and PM, 5)
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in 2014 and 2020, respectively. The ACSMs used in
2014 and 2020 were equipped with different lens
systems, so their measured particle size ranges were
different (Wang et al 2016, 2021). Sun etal (2012) and
Zhang et al (2017b) provided detailed descriptions of
the ACSM.

Refractory black carbon (BC) aerosols were meas-
ured by aethalometers (Model AE-31 in 2014 and
Model AE-33 in 2020, Magee Scientific Corp.). The
operating principles of AE-31 and AE-33 are similar.
The mass concentration of optically absorbing aero-
sols (i.e. BC) is retrieved from the rate of change of
the attenuation of light transmitted through the fil-
ter, which collects aerosol particles through a spot.

The CHAP dataset is a remote sensing dataset
of near-surface air pollutants with wide spatiotem-
poral coverage, high resolution, and high precision
(Wei et al 2020, 2021). Tracking Air Pollution (TAP)
is another dataset constructing multi-scale, near real-
time aerosol and gas concentrations (Geng et al 2021).
This study used the CHAP and TAP datasets to invest-
igate the spatial distribution of PM, 5 and aerosol
chemical composition trends from the summer (June,
July and August) of 2014-2020.

2.3. Data analysis methods

As described in section 2.2, the size-resolved AR
(Ncen/Nen) can be retrieved from measurements
made by the SMPS-CCNc system. The CCN efficiency
spectra can be fitted using a cumulative Gaussian dis-
tribution function (CDF; Rose et al 2008):

FNcen Nex Za(1+eff(i7;)) (1)

where fy .y /Nex 18 the AR, erf is the error function,
a is the half-of-maximum activated fraction (MAF),
D, is the midpoint activation diameter, and o is the
CDF standard deviation. Ideally, a of internally mixed
aerosols is 0.5.

The hygroscopicity parameter (k) is com-
monly used to represent aerosol hygroscopicity and
activation ability (Petters and Kreidenweis 2007).
Assuming that particles are internally mixed, the
k of multicomponent aerosols can be estimated
using aerosol chemical component data based on the
Zdanovskii-Stokes—Robinson mixing rule (Stokes
and Robinson 1966):

k=D cifi @)

where ¢; and k; are the volume fraction and & for the
ith chemical component, respectively. The paramet-
ers of common chemical components can be found
in table S2.

Because the ACSM only obtains real-time mass
concentration data about inorganic ions, the follow-
ing ion-pairing scheme was used to obtain data about
inorganic salts (Gysel et al 2007):
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NNH,NO; = ”No;
1,50, = Max (07 Moz — M + ”No;)

AINH,HSO, = Min (2”503* — Mt + fno; s MNe

~Noy )
(NH,),50, = Max (nNHI ~Noy T Moz 70)
fiNo, = 0 (3)

where 7 is the number of moles.
3. Results and discussion

3.1. A wide range of temporal and spatial variation
characteristics

Figures 1(a) and (b) show the spatial distributions
of mean PM, 5 mass concentration from the CHAP
dataset in the summers of 2014 and 2020. Over most
land areas of China, PM, 5 mass concentrations in the
summer of 2020 were clearly lower than in the sum-
mer of 2014, especially in North China. This con-
firms the effectiveness of particulate pollution con-
trol in recent years. The mean mass concentration
of PM,5 in XZ was 38.13 g m~> in the summer
of 2014 and 25.9 ug m~> in the summer of 2020,
decreasing by about one third from 2014 to 2020.
Figures 1(c) and (d) show summertime mean mass
concentrations of PM; 5 and mean mass fractions of
inorganics (SOff, NOy5, and NHZF), Org, and BC in
PM, 5 in XZ from the TAP dataset from 2014 to 2020.
Figure 1(c) shows that the mean mass concentration
of PM, 5 in XZ decreased by about one third over this
period. The overall trend of PM, 5 in the TAP dataset
is consistent with that in the CHAP dataset. In addi-
tion, the TAP dataset shows that the mass fractions of
Org and BC decreased, and the total mass fraction of
inorganics increased from 2014 to 2020 (figure 1(d)).
This indicates that the decrease in primary aero-
sols (most BC and some organics) was stronger
than that of secondary aerosols (most inorganics
and some organics) due to the particulate pollu-
tion control. This phenomenon is common in China,
related to the sharp decrease in primary emissions
caused by industrial upgrading (Zhang et al 2016).
Changes in the mass fractions of aerosol chemical
components are bound to affect aerosol hygroscop-
icity and activation ability (Wu et al 2013, Zhang et al
2017a).

3.2. Aerosol chemical composition and particle
number size distribution (PNSD)

Figure 2 shows the mean mass fractions of aerosol
chemical components and the time series of PNSD
in XZ during the two experiments in the summers
of 2014 and 2020. The mean mass concentration of
PM, was 33.97 ug m > in 2014, and that of PM, 5 was
26.82 ig m ™ in 2020. Due to the difference in ACSM
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Figure 1. Spatial distributions of mean PM, 5 mass concentration in the summers of (a) 2014 and (b) 2020 from the CHAP
dataset. (c) Mean mass concentration of PM, 5 and the total mass fraction of inorganics, and (d) mean mass fractions of aerosol
chemical components in the summers from 2014 to 2020 from the TAP dataset.
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Figure 2. Mean mass fractions of aerosol chemical components (a) in PM; in the summer of 2014 and (b) in PM, 5 in the summer
of 2020. Time series of particle number size distributions in the summers of (c) 2014 and (d) 2020 during the two field
experiments in XZ.

models, aerosol chemical components in PM; were and Chen et al (2020) indicated that PM; contributed
measured in 2014, and aerosol chemical components  mostly to PM; 5 in North China. Figures 2(a) and (b)
in PM, 5 were measured in 2020. Zhang et al (2018) show that aerosol chemical components during the
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Figure 3. Diurnal variations of Ncn and N at different SS levels in (a) the summer of 2014 and (b) the summer of 2020 in XZ.
(c) Mean size-resolved AR (AR curves) at different SS levels and (d) mean D, and MAF with their standard deviations in the
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measurement periods mainly consisted of Org and
SO; ™, followed by NO; , NH;, and BC. From 2014
to 2020, the mass fraction of Org decreased slightly,
and the mass fraction of SO~ increased. Org and
SO;~ were the dominant aerosol chemical compon-
ents in 2014 and 2020, respectively. The total mass
fraction of inorganics increased from 58.4% in 2014
to 61.1% in 2020. The weaker increase compared to
that from the TAP dataset (figure 1(c)) is likely caused
by the short-term nature of the measurements and the
difference in aerosol chemical compositions between
PM,; and PM; 5. Considering that the hygroscopicity
of inorganics is much higher than Org, this implies
that aerosol hygroscopicity should be enhanced due
to particulate pollution control. The mean calculated
k using equation (2) was 0.38 in 2014 and 0.39 in
2020.

Figures 2(c) and (d) show that the PNSDs were
distinct between the summers of 2014 and 2020.
During the measurement period in the summer of
2014, new particle formation (NPF) events happened
frequently (on 18 d out of 35 measurement days,
about 51.5%). By contrast, NPF events occurred less
often in the summer of 2020 (on 6 d out of 25 meas-
urement days, about 24.0%). Mean diurnal variations
of PNSD also show that the NPF event happened
more frequently and strongly in summer 2014 than

that in summer 2020 (figures S9 and S10). This sug-
gests that the reduction in primary emissions includ-
ing the emission reduction of gaseous precursors can
have a big impact on the generation of ultrafine
particles.

3.3. CCN number concentration and aerosol
activation ability

To investigate aerosol hygroscopicity and activation
ability in XZ, N¢n and N¢cn data at the same SS
(0.2%, 0.4%, and 0.8%) observed during the two
experiments were analyzed. Ncoy and Ncoen were
always higher in 2014 than in 2020. The diurnal vari-
ations of Ncy and Nccy in the summer of 2014 show
a unimodal or quasi-unimodal pattern, peaking near
noon (figure 3(a)). With the increase in Ny during
the day, Nccn also increased, especially at high SS
levels (0.4% and 0.8%). This indicates that the fre-
quent NPF events that occurred in the summer of
2014 had a large impact on Ncy and N¢en. Unlike
2014, the diurnal variation of Ncy in the summer of
2020 has three peaks, one in the early morning and the
others after the morning and after evening rush hours
(figure 3(b)). The two N¢n peaks in the early morn-
ing and after the evening rush hours are likely related
to the descending boundary layer height and noc-
turnal emissions. Figure S9 indicates that these factors
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have different impact on N¢y in different modes.
The increase in N¢y during the early morning had a
weak influence on N¢c;, likely because the sizes of
the increasing number of particles were small (figure
S10(b)). The increase in N¢cy in the daytime in the
summer of 2020 was weaker than that in the summer
of 2014. This implies that the impact of photochem-
ical reactions on Ny and N ey weakened due to par-
ticulate pollution control.

Figure 3(c) shows the mean size-resolved AR (the
AR curve, fitted by equation (1)) for different SS levels
in the summers of 2014 and 2020. In general, AR
increased as SS increased. The D, and MAF, with their
standard deviations for the AR curves, are shown in
figure 3(d). D, was always less than 100 nm for all
SS levels considered. The D, in the summer of 2020
was always smaller than that in the summer of 2014,
with a larger standard deviation. According to the -
Kohler theory (Petters and Kreidenweis 2007), a smal-
ler D, at the same SS means stronger aerosol hygro-
scopicity and activation ability. All this illustrates that
particulate pollution control can decrease N¢y and
Ncen but enhance aerosol hygroscopicity and activ-
ation ability. MAF at low SS (0.2%) in the summer
of 2020 was lower than that in the summer of 2014
and similar at high SS (0.4% and 0.8%). The stand-
ard deviation of MAF in 2020 was slightly higher than
that in 2014. The smaller MAF in 2020 is likely related
to the weakened NPF events.

4, Conclusions

In the last decade, air pollution has been greatly
reduced in China due to the implementation of a
strict control policy. This study first investigates the
impact of particulate pollution control on aerosol
hygroscopicity and CCN activity in North China
based on measurements from two field experiments
carried out in XZ in the summers of 2014 and 2020
and two other datasets, i.e. the CHAP and TAP
datasets.

The CHAP and TAP datasets suggest that the mass
concentration of particles with an aerodynamic dia-
meter smaller than 2.5 pm (PM; 5) decreased by one
third from the summer of 2014 to the summer of
2020, demonstrating the effectiveness of particulate
pollution control in this region. The TAP dataset also
indicates that the decrease in primary aerosols (most
black carbon and some organics) was stronger than
that of secondary aerosols (most inorganics and some
organics) due to the particulate pollution control.
This led to a significant increase in the total mass frac-
tion of inorganics in PM, 5 from 2014 to 2020, chan-
ging aerosol hygroscopicity and activity.

The short-term field measurements made in XZ
also suggest an increase in the total mass fraction
of inorganics from 2014 to 2020. The PNSD illus-
trates that the occurrence frequency of NPF events
in the summer of 2020 was much lower than that
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in the summer of 2014 (24.0% vs. 51.5%). Ultrafine
particles increased and grew during the day in the
summer of 2014, seen to a weaker degree in the sum-
mer of 2020. This illustrates that the secondary form-
ation of ultrafine particles was inhibited due to par-
ticulate pollution control.

The analysis of the number concentrations of Nox
and CCN (N¢cn) suggests that the diurnal variations
of Nen and Ngen changed from 2014 to 2020. The
diurnal variations of Ncy and Nccy show unimodal
or quasi-unimodal patterns in the summer of 2014
and multimodal patterns in the summer of 2020 due
to the weakened NPF and the enhanced influence
of morning and evening peak emissions. The size-
resolved AR further suggests that particulate pollu-
tion control can decrease Ncy and Ncn but enhance
aerosol hygroscopicity and activation ability.
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