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Abstract To better understand the responses of particle number concentrations (PNCs) and new
particle formation (NPF) to the largely reduced air pollutant emissions in urban atmospheres, we
investigated the particle number size distributions in Qingdao, a coastal megacity in northern China,
during two separate periods, 2010-2012 and 2016-2018. The results show only an average of 5% decrease
in the total PNCs in 2016-2018 relative to 2010-2012, although the PM, , mass concentration decreased
by over 40%. Nucleation-mode PNCs decreased by 20%, which is attributable to reductions in primary
emissions from on-road vehicles and secondary sources. Unexpectedly, the accumulation-mode PNCs
increased by 11% in 2016-2018 relative to 2010-2012. The SO, concentrations strongly decreased by ~60%,
and the NPF frequencies slightly decreased from 34% in 2010-2012 to 25% in 2016-2018. However, there
were no significant changes in the apparent new particle formation rate (FR) or net maximum increase
in nucleation-mode PNCs (NMINP). The increased concentrations of other precursors may substantially
negate the effect of SO, reduction, leading to the invariant FR and NMINP. The maximum sizes of grown
new particles decreased by 50%; combined with the decreased NPF frequency, the contribution of grown
new particles to accumulation-mode PNCs expectedly decreased in 2016-2018 relative to 2010-2012.
Alternatively, the increased accumulation-mode PNCs in 2016-2018 mainly attribute to the enhanced
primary combustion emissions excluding on-road vehicle emissions. The increase in accumulation-mode
PNCs in 2016-2018 provides insights on the inter-annual variation in satellite-based cloud properties,
which appeared insensitive to the large decrease in satellite-based aerosol optical depth.

1. Introduction

Atmospheric particles play an important role in modifying the Earth's radiative balance, degrading visi-
bility, and adversely affecting human health (Charlson et al., 1992; Heal et al., 2012; IPCC, 2013; Kulmala
et al., 2021; R. Zhang et al., 2015). Particle number concentrations (PNCs) and particle number size distri-
butions (PNSDs) in ambient air are essential to evaluate climate effects, characterize human exposure, and
formulate relevant protection policies (Dusek et al., 2006; Kumar et al., 2010; Vu et al., 2015). For example,
atmospheric particles with a diameter <50 nm reportedly act as cloud condensation nuclei (CCN) in excep-
tionally high supersaturation (SS) conditions, such as >0.6%, whereas particles with a diameter >80 nm
significantly contribute to the CCN population at SS conditions of ~0.2% (Dusek et al., 2006; Kerminen
et al, 2018; K. Li et al., 2015; N. Ma et al., 2016; Petters & Kreidenweis, 2007; Wiedensohler et al., 2009; Yue
et al., 2011; Zhu et al., 2019). Atmospheric particles with a diameter >100 nm can yield detectable direct
climate impacts by scattering and absorbing solar radiation (Charlson et al., 1992; Seinfeld & Pandis, 2012).
Smaller nanometer-scale atmospheric particles, meanwhile, may cause greater adverse health outcomes
than larger particles (Schlesinger et al., 2006; R. Zhang et al., 2015).
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New particle formation (NPF) is regarded as an important secondary source of atmospheric particles on a
global scale in terms of number concentrations (Kerminen et al., 2018; Kulmala & Kerminen, 2008; Kul-
mala et al., 2013; S. H. Lee et al., 2019; R. Zhang et al., 2012). Sulfuric acid is commonly considered as the
key nucleating precursor for NPF, whereas other species, such as ammonia, amines, and highly oxygenated
molecules (HOMs), can also participate in and enhance nucleation in the continental troposphere (Ehn
et al., 2014; S. H. Lee et al., 2019; Trostl et al., 2016; L. Yao et al., 2018). Iodine oxides have been reported
to induce NPF in some coastal zones and sea-ice regions (e.g., O’Dowd et al., 2002; Sipild et al., 2016; Yu
et al., 2019). Freshly nucleated particles can subsequently grow to larger sizes, a process that has been pro-
posed to be driven by low-volatility gaseous species (e.g., sulfuric acid, HOMs) together with semi-volatile
compounds (e.g., ammonium nitrate, small molecule secondary organic compounds) (Ehn et al., 2014; Man
et al., 2015; Riipinen et al., 2012; Trostl et al., 2016; Wang, Kong, et al., 2020; Zhu et al., 2014).

PNCs and PNSDs in remote clean atmospheres have been well studied in recent decades in terms of prima-
ry origins, ambient nucleation, subsequent growth of newly formed particles, and associated indirect cli-
mate impacts via ground-based and aircraft-based measurements in different time scales, laboratory exper-
iments, and 3-D modeling on regional and global scales (e.g., Asmi et al., 2011; Bianchi et al., 2016; Gerling
et al., 2021; Harrison et al., 2011; Nieminen et al., 2014; Yu & Luo, 2009; Zhu et al., 2002). Several review
papers have summarized the achievements and outlined the challenges ahead (Kerminen et al., 2018; Kul-
mala & Kerminen, 2008; Kumar et al., 2010; S. H. Lee et al., 2019; R. Zhang et al., 2012, 2015). In China,
campaign-based studies are also frequently reported, with observational periods varying from several month
to 1-2 years (e.g., Chu et al., 2019; Kivekds et al., 2009; Kulmala et al., 2016, 2021; Qi et al., 2015; X. Shen
et al., 2011; Z. B. Wang et al., 2013; Wehner et al., 2004; Wiedensohler et al., 2009; Wu et al., 2007, 2008; L.
Yao et al., 2018; Yue et al., 2009; Zhou et al., 2020; Zhu et al., 2017). However, there have been few long-term
observations of PNCs, PNSDs and NPF in China in the presence of substantially reduced SO, emissions,
which restricts our understanding of the responses of PNCs, PNSDs, and NPF to dramatic changes in the
concentrations of anthropogenic air pollutants and biogenic volatile organic compounds (VOCs) (M. Liu
et al., 2018; C. Zheng et al., 2017; B. Zheng et al., 2018). The same problem applies to the impacts of variable
PNCs and PNSDs on public health and regional climate in response to the dramatic emission changes of
various anthropogenic and biogenic air pollutants.

Qingdao is a coastal megacity in northern China (Figures 1a and 1b) situated on the transport pathway of
continental air pollutants to the northwest Pacific Ocean and even as far as to the Arctic (Shi et al., 2019; C.
Zhang et al., 2019). The concentrations of anthropogenic air pollutants have substantially decreased with
continuously tightening control policies in the past decades. For example, the annual average SO, concen-
trations in Qingdao decreased by 84% from 2010 to 2019 and PM, ; mass concentrations decreased by 44%
during 2013-2019 (Figure 1c). The satellite-derived aerosol optical depth (AOD) over Qingdao also showed
similar downward trend from 2010 to 2019 (Figure S1). In contrast, biological emissions may change in the
opposite direction. China has experienced rapid afforestation in recent decades, resulting in an estimated
~18% net increase in leaf area (C. Chen et al., 2019; Wang, Feng, et al., 2020). Meanwhile, the ambient
temperature in Qingdao has increased at a rate of 0.17°C/year (p < 0.01) (Figure S2a). The emission of
biogenic organic compounds is reasonably expected to increase owing to the increased forest area and accel-
erating global warming (W. H. Chen et al., 2018; H. Wang et al., 2021; Wang, Feng, et al., 2020; X. D. Zhang
et al., 2016). Research in Qingdao not only provides updated knowledge to service local issues, but is also
important for understanding the related influence of long-range transport on the downwind atmosphere.

In this study, PNC and PNSD observations were conducted at a semi-urban site in Qingdao from 2010 on-
ward. Data measured during two separate periods, 2010-2012 and 2016-2018, were used for comparative
analysis. The objectives of this study are to (a) determine the overall response of PNCs and PNSDs to large
reductions of air pollutant emissions in terms of changed primary and secondary sources; (b) determine the
influence of reduced air pollutant emissions on NPF events in terms of the NPF frequency, formation, and
growth characteristics; and (c) build on (a) and (b) to understand the response of satellite-based aerosol and
cloud data to reduced air pollutant emissions.
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Figure 1. The Spatial distribution of anthropogenic SO, emissions in China in 2016 (a), location of Ocean University of China (OUC, red circles in (b)) and
annual changes in air pollutant concentrations of SO,, NO,, and PM, ; at the sampling site from 2010 to 2019 (c). The SO, emissions in (a) were obtained from
www.meicmodel.org. The map in (b) was color-coded with the MODIS-derived normalized difference vegetation index (NDVI) in June 2012. The data in (c) are
from the Bulletin of the Ecological Environment in Qingdao City (http://hbj.qingdao.gov.cn/m2/zwgkSecond.aspx?m=35).

2. Methods
2.1. Experimental Protocol

PNSD measurements were carried out at a semi-urban site in Qingdao City (36°09'37"N, 120°29'44"E, Fig-
ures la and 1b). The site is located on the fifth floor of an academic building on the Laoshan campus of the
Ocean University of China, ~7 km from the Yellow Sea coastline and ~10 km from the center of an urban
area. The site is ~300 m from a major traffic road with moderately heavy traffic flow (Figure S3). A fast
mobility particle sizer (FMPS, TSI Model 3091) has operated semi-continuously downstream of a dryer and
recorded the number-based size distribution of atmospheric particles since 2010. Two data sets were used
in this study, covering the time intervals of 2010-2012 and 2016-2018 (see Table S1 for details of the valid
sampling days). It should be noted that there were no valid sampling days in August, September, and No-
vember in 2016-2018, and the data from the same months of 2010-2012 were excluded from analysis to en-
sure the consistency of the sampling times. Valid data were thus used for 281 and 343 days for the two data
sets, respectively. In the remaining time, the FMPS instrument performed field observation experiments
on the seas or was calibrated and/or repaired (X. H. Liu et al., 2014; Meng et al., 2015; Zhu et al., 2019).
Some parts of the two data sets have been presented in previous studies to distinguish the different growth
types of new particles, chemicals driving particle growth, and their CCN activity (K. Li et al., 2015; Zhu
et al., 2014, 2019). This study combined all of the available data to evaluate the effects of reduced anthropo-
genic emissions on the PNSDs and regional NPF events.

The FMPS is a paralleling particle sizer and reports PNSDs from 5.6 to 560 nm with a 1-s time resolution,
which can successfully distinguish new particle signals from a mixture of different particle sources (X.
H. Liu et al., 2014; Man et al., 2015). However, the underestimation of FMPS has been reported when the
measured sizes are larger than 100 nm, compared with data obtained using a scanning mobility particle
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sizer (SMPS) and high-resolution time-of-flight aerosol mass spectrometer (B. P. Lee et al., 2013). In this
study, the empirical correction procedure for FMPS data proposed by Zimmerman et al. (2015) was used
for correction. The upper limit of 523 nm (midpoint) was adjusted to 857 nm (midpoint) following the
method of Zimmerman et al. (2015), and the scaling-down coefficient of the total particle number con-
centrations (t-PNCs) measured using the FMPS was obtained through correlation analysis of side-by-side
measurements made by the FMPS and a condensation particle counter (TSI Model 3775). The coefficient
varied between 0.75 and 1.28 in different years after each regular annual maintenance (listed in Table S2);
according to Zimmerman et al. (2015), however, the coefficient correction did not change PNSD patterns.
Comparisons between the measurement performance of the FMPS and the SMPS (TSI Model 3910/Grimm
LDMA + CPC) were conducted in 2012 and 2019. Figures S4 and S5 show the high consistency between
the PNSDs measured using each of these devices. The minimum particle number concentrations in each
size bin measured by FMPS are shown in Table S3. Conductive tubes (TSI 1/4 in.) were used for FMPS
sampling, and the length of the tube was ~2 m. The presence or absence of the tube had little influence on
the measured total PNCs.

2.2. Definition of NPF Events and Calculation Methods

In this study, particles with a diameter smaller than 25 nm were defined as nucleation-mode particles (Kul-
mala et al., 2012). An NPF event was classified following the criteria proposed by Dal Maso et al. (2005) and
Kulmala et al. (2012): (a) a distinctly new nucleation mode must appear in the particle size distribution; (b)
the new mode should prevail over a time span of hours (defined as 2 h in this study); and (c) the new mode
should show signs of growth.

An NPF event was defined to have initiated at the time when the new nucleation-mode particles became ob-
servable. The NPF event was defined to have ended when the new particle signal became negligible and the
t-PNCs approached the background levels prior to the NPF event. In the cases involving plume invasions,
the end time was determined to be the time when the new particle signals became overwhelmed by plumes
and were no longer identifiable. The time duration between the initial and end times of an NPF event was
defined as the NPF event duration (Figure S6). The particle signals within the NPF event duration were
defined as the NPF category.

We used seven parameters to evaluate the NPF characteristics: NPF frequency; apparent new particle for-
mation rate (FR); growth rate (GR); condensation sink (CS); net maximum increase in the nucleation-mode
particle number concentration (NMINP); maximum size of the geometric median diameter of the new par-
ticles (D, pgmax); and the NPF duration (Kulmala et al., 2012; Sihto et al., 2006; Zhu et al., 2019, 2021). FR and
NMINP represent the intensity of an NPF event and are calculated based on the nucleation-mode particles
in sizes of 5.6-25 nm. GR is quantified by fitting the geometric median diameter of the new particles (D)
during the particle growth period, in which the size range of D, varies from event to event. GRand D, ..
are two indicators of the potential climate impact of new particles. CS is the loss rate of condensable vapor
molecules onto pre-existing particles and is calculated based on 10-857 nm particles. Details of the calcula-
tion of these parameters can be found in numerous studies (e.g., Kulmala et al., 2012; Sihto et al., 2006; Zhu
et al., 2019, 2021) and in the Supporting Information S1.

2.3. Determination of Plume and Background Categories of Ambient Particles

Aside from the NPF category, we focused on two other categories of particles: the plume category and the
background category. Particles in the plume or background category in the ambient environment were
distinguished using the following approach. We first averaged the 1-s time resolution data to a 10-min time
resolution, integrated the data of each month into a single file, and removed the time period of the NPF
category from the file. We then calculated the t-PNCs based on the size distribution data and rearranged
the t-PNC values from smallest to largest to generate a new array of data in a month. For this analysis, we
assumed that particles in the low number concentrations were of the background category and used the
0-25th percentile data. Particles in the high number concentrations suggest the invasion of air pollutant
plumes; we thus used the 75th-100th percentile data to represent the plume category.
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As an alternative approach, we also visually analyzed the FMPS data on a day-to-day basis and subjectively
distinguished the plumes and background particles. Figure S7 shows an example of the selected period of
plumes and background particles. We plotted the monthly averaged PNSDs of the selected plume category
particles and background category particles, and found highly consistent PNSD values between the two
approaches, as shown in Figure S8. The difference of the t-PNCs was 12% and 20% for plume category
and background category particles, respectively. The first approach was adopted in the following analyses
because it enabled the same amount of data to be used for the plume category and background category
particles.

3. Results
3.1. Comparison of the t-PNC Values Measured Between 2010-2012 and 2016-2018

The t-PNCs took values of 1.7 + 1.1 X 10* cm~3 (average =+ standard deviation) and 1.6 + 1.0 X 10* cm™3
during 2010-2012 and 2016-2018, respectively. The two averages are essentially the same, although the
annual average PM, , mass concentrations in Qingdao decreased by more than 40% between the two pe-
riods (Figure 1c). It is surprising to find that the previously reported campaign-based averages and an-
nual averages of t-PNC in some urban or suburban atmospheres over semi-humid and humid areas of
China narrowed at 1.6-1.7 X 10* cm™3 within 20% margins (Huang et al., 2017; S. Liu et al., 2008; Peng
et al., 2014; Qi et al., 2015; L. Shen et al., 2016; X. Shen et al., 2011). In contrast, the averages nearly doubled
(2.9-3.3 x 10* cm™3) in urban atmospheres over semi-arid and arid urban areas of China (e.g., Beijing and
Urumchi), possibly because of reduced wet deposition and a higher occurrence frequency of NPF events (L.
Ma et al., 2021; Peng et al., 2014; Wu et al., 2008). The t-PNC values in the nonheating season (April to Octo-
ber) and heating season (November to March in the following year) were also compared separately. In each
season, the averaged t-PNCs were generally similar in the two periods. For example, the average t-PNCs in
the nonheating season were 1.4 + 1.0 X 10* cm~3 in 2010-2012 and 1.3 + 0.9 X 10* cm~3 in 2016-2018. In
the heating season, the average t-PNCs were 2.0 =+ 1.1 X 10* cm~—3 in 2010-2012 and 1.8 + 0.9 X 10* cm~3 in
2016-2018.

Two well-recognized and important contributors to t-PNCs in urban atmospheres are (a) that on-road ve-
hicle emissions mostly dominate the t-PNC values in the morning and late afternoon rush hours, and (b)
that NPF sometimes dominate t-PNC values at 08:00-13:00 LT (local time, UTC+8) (Peng et al., 2014; Vu
et al., 2015; Zhou et al., 2020; Zhu et al., 2014). The diurnal variations in the hourly average t-PNCs in
2010-2012 and 2016-2018 are compared in Figure 2a. In each of the two 24-h periods, the hourly average
t-PNCs fell to their lowest level before 05:00 LT. The hourly average values at each hour before 05:00 LT
in 2016-2018 were consistently larger (7% + 3%) than the corresponding values in 2010-2012. After 06:00
LT, an evident increase in t-PNC can be found in both periods with the daily maximum hourly average
t-PNC occurring at 09:00 LT in 2010-2012 and 08:00 LT in 2016-2018. The maximum percentage increase
in the hourly average t-PNC in the morning rush hours reached 100% in 2010-2012, but was only 52% in
2016-2018. This led to hourly averages in 2016-2018 that were 17% at 08:00 LT and 23% at 09:00 LT smaller
than the corresponding values in 2010-2012. The hourly average t-PNCs in 2010-2012 fell to their second
lowest level after 17:00 LT. However, in 2016-2018, no clear decrease in hourly average t-PNC occurred at
17:00-23:00 LT relative to those at 06:00-16:00 LT. As a result, the hourly average t-PNCs at each hour after
17:00 LT in 2016-2018 were consistently higher (8% + 4%) than the corresponding values in 2010-2012. A
separate analysis of the data in nonheating and heating seasons (Figures S9a and S9c) showed that there
were generally higher hourly average t-PNCs in the daytime and lower hourly average t-PNCs at nighttime
in 2010-2012 relative to those in 2016-2018. There was also a slight difference between the diurnal variation
patterns of t-PNC in the nonheating and heating seasons, probably due to the combined effects of sunrise
time, the mixing layer height, and NPF events, among other factors.

No long-term traffic flow data from the major road near the sampling site were available. Short-term records
and statistical data were used for the analysis. In December 2020, the on-site counted traffic flows reached
4500-5500 vehicles per hour on weekday morning (07:00-08:00) and afternoon (17:00-18:00) rush hours,
which was 1.6 times higher than the counted traffic densities in December 2015 (Teng et al., 2017). Note that
normal working hours start from 08:00 LT in China. In addition, the reported vehicle population in Qingdao
was 29 per 100 households in 2012 and increased to 54 per 100 households in 2016 (sourced from Qingdao
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Figure 2. Average diurnal variations of particle number concentrations of overall particles (a), background category
particles (b), plume category particles (c), and new particle formation category particles (d) in 2010-2012 (red) and
2016-2018 (blue). Shaded areas represent a quarter of the standard deviations.

Statistical Bulletin, http://qdtj.qingdao.gov.cn/n28356045/132561056/n32561072/index.html). However,
in 2014 and 2015, Qingdao implemented a program to eliminate on-road vehicles with high air pollutant
emissions (Bulletin of the Ecological Environment in Qingdao City in 2015). This may have led to the lower
morning t-PNC peak in 2016-2018 than in 2010-2012, although the on-road traffic flow was presumably
substantially higher in 2016-2018.

The diurnal variations in the hourly average t-PNC values between the two periods were further compared
to distinguish three categories: background, plume, and NPF. In the background category (Figure 2b), there
were no evident diurnal variations in both 2010-2012 and 2016-2018. Before 08:00 LT, no consistent trend
in hourly average t-PNC can be obtained from an hour-by-hour comparison between the two periods, that
is, the percentage changes of each hourly average in 2016-2018 relative to 2010-2012 varied from —8% to
4%. However, the hourly average t-PNCs after 08:00 LT in 2016-2018 were consistently larger (12% + 6%)
than the corresponding values in 2010-2012.

In the plume category (Figure 2c), the bimodal diurnal variation in t-PNC values can be identified. The
hourly average t-PNCs at 07:00-12:00 in 2016-2018 were consistently less (12% + 5%) than the correspond-
ing values in 2010-2012. However, no consistent trend in hourly average t-PNC can be obtained from the
same comparison at other hours, as the percentage changes of each hourly average in 2016-2018 varied
from —12% to 10% relative to 2010-2012.

In the NPF category, a unimodal diurnal variation in t-PNC can be identified with one broad t-PNC peak
occurring after 06:00 LT, the maximum t-PNC occurring at 11:00 LT, and a long tail extending to mid-
night in each of the periods (Figure 2d). NPF events usually start around 08:00-10:00 LT in Qingdao (Zhu
et al., 2014). From 08:00 LT to 11:00 LT, the net maximum increase of t-PNCs was the same at 0.6 X 10* cm™3
in each of the periods. The net maximum increase should thus be mainly due to the secondary formation of
atmospheric particles via NPF events. However, the hourly average t-PNCs at 08:00-11:00 LT in 2016-2018
were consistently smaller (17% % 6%) than the corresponding values in 2010-2012 with an absolute differ-
ence of 0.36-0.75 x 10* cm~3. This difference may have been caused mainly by the reduced primary emis-
sions of atmospheric particles rather than NPF events. For example, at 06:00-07:00, absent of NPF events,
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the hourly average t-PNCs in 2016-2018 were 23%-25% smaller than the corresponding values in 2010-2012
with an absolute difference of 0.40-0.58 x 10* cm=3.

The separation of the nonheating and heating seasons for comparative analysis reduced the data size, which
unavoidably resulted in increased uncertainties in the comparison results. Thus, the lower t-PNCs in the
nonheating season were used for comparative analysis of the background category, whereas the higher
t-PNCs in the heating season were used for comparative analysis of the plume category. Similarly, the NPF
events in the nonheating season were used for comparative analysis of the NPF category because of the
lower background t-PNCs in this season. In the background category for the nonheating season, the hourly
average t-PNCs after 08:00 LT in 2016-2018 were consistently 22% + 6% greater than the corresponding
values in 2010-2012 (Figure S9d). Similarly, the hourly average t-PNCs before 08:00 LT in 2016-2018 were
consistently 10% =+ 4% greater than the corresponding values in 2010-2012, although no consistent trend in
hourly average t-PNC was obtained by combining the data for the heating and nonheating seasons. In the
plume category for the heating season, the hourly average t-PNCs in 2016-2018 were consistently 11% + 5%
less than the corresponding values in 2010-2012 (Figure S9b). In the category for the combined heating and
nonheating seasons, a consistently 12% + 5% lower hourly average for the t-PNCs in 2016-2018, relative to
2010-2012, occurred only at 07:00-12:00.

In the NPF category in the nonheating season, the net maximum increase in t-PNCs from 08:00 LT to 11:00
LT was almost the same in each of the periods, as it ranged from 0.8 to 1.0 x 10* cm~3 (Figure S9¢). The
hourly average t-PNCs at 08:00-11:00 LT in 2016-2018 were also consistently 22% + 9% less than the corre-
sponding values in 2010-2012. As with the averages obtained from combining the heating and nonheating
seasons, this difference may be attributable to the reduced primary emissions of atmospheric particles, as
revealed by the comparative analysis of data for 06:00-08:00.

3.2. Comparison of PNCs in Different Modes Measured Between 2010-2012 and 2016-2018

The nucleation mode, Aitken mode, and accumulation mode are conventionally used to characterize parti-
cle number concentration spectra (Kumar et al., 2010; Vu et al., 2015). Here, the three modes were consid-
ered to correspond to particle sizes of <25 nm, 25-100 nm, and >100 nm, respectively. Primary-nucleation
mode particles reportedly form through nucleation and rapid particle growth after cooling and dilution of
hot gaseous exhausts, whereas secondary-nucleation mode particles are always associated with NPF events
(Vu et al., 2015; R. Zhang et al., 2012; Zhu et al., 2017). Aitken-mode particles are either derived from
condensational growth, the coagulation of nucleation-mode particles, or emitted directly from combustion
sources in the urban atmosphere. Primary combustion emissions and the growth of Aitken-mode particles
are two major contributors to accumulation-mode particles (Hoppel et al., 1986; Kumar et al., 2010; Vu
et al., 2015; X. H. Yao et al., 2005).

Figures 3a-3c compare the diurnal variations in PNCs of the three particle modes between the two periods.
The diurnal pattern of the nucleation-mode PNCs displayed a trimodal distribution in 2016-2018. There
were three peaks at 07:00 LT, 12:00 LT, and 17:00 LT, which correspond to morning and afternoon rush
hours and NPF events in between. In contrast, a broad unimodal distribution was identified in 2010-2012,
peaking at 10:00 LT (Figure 3a). This likely reflected a combination of contributions from different sources,
that is, vehicle emissions and NPF events, which overlapped to a greater extent. The increase in nucleation
and Aitken mode before 08:00 should be mainly ascribed to primary emissions from on-road vehicles while
NPF events became important afterward. However, no unique solution can be obtained to separate the
board peak in PNSD mathematically. Before 16:00, the hourly average nucleation-mode PNCs were consist-
ently lower in 2016-2018 than 2010-2012. However, after 16:00, there was no consistent result through the
same comparison of PNCs in 2016-2018 with 2010-2012. The maximum difference of the nucleation-mode
PNCs between the two periods occurred at 08:00-11:00 when the PNCs were 35%-45% lower in 2016-2018
than 2010-2012. It should be noticed that a higher boundary-mixing layer generally occurs during after-
noon rush hours and disfavors the accumulation of air pollutants, leading to only a slight increase in PNCs
during this time. Overall, the nucleation-mode PNCs in 2016-2018 decreased by an average of 20% relative
to that in 2010-2012. Similar results were obtained when heating and nonheating seasons were separated
for comparison, for example, the nucleation-mode PNCs decreased by 25% in heating season and 13% in
nonheating season in 2016-2018 relative to that in 2010-2012 (Figures S10a and S10b).
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Figure 3. Average diurnal variations of the particle number concentrations in nucleation mode, Aitken mode, and accumulation mode during 2010-2012 (red)
and 2016-2018 (blue). (d) and (e) show the nucleation-mode particles in the plume category and new particle formation category. Shaded areas represent a
quarter of the standard deviations.

In each of the two periods, the diurnal variation in the Aitken-mode PNCs showed a bimodal distribution.
The same was true for the accumulation-mode PNCs. The morning peak was associated with increased
emissions of on-road vehicles in rush hours, but that was not the case for the night peak at 19:00-21:00
LT, which likely from combustion sources such as cooking or biomass burning. The morning peak in Ait-
ken-mode PNCs at 08:00 LT decreased by 13% in 2016-2018 relative to the corresponding value in 2010-2012.
The decrease continued from 08:00 LT through 15:00 LT with percentage values of 12%-22%. However, the
PNC night peak at 19:00 LT in 2016-2018 increased by 11% relative to that in 2010-2012, and the increase
extended until midnight (Figure 3b); this has yet to be explained. In heating season, the lower height of
the boundary mixing layer results in the more prominent peaks than in nonheating season (Figures S10c
and S10d). For the accumulation-mode particles, the hourly average PNCs in 2016-2018 were consistently
larger (3%-24%) than the corresponding values in 2010-2012 (Figure 3c). However, this difference nar-
rowed to 3%-5% at 07:00-10:00 LT, probably owing to the reduced on-road vehicle emissions in 2016-2018
relative to 2010-2012. The separate analysis of the two seasons of data showed that consistent results can be
obtained only in heating seasons with higher accumulation mode PNCs (Figures S10e and S10f).

The increased accumulation-mode particles in 2016-2018 relative to 2010-2012 may have been mainly due
to enhanced primary combustion emissions in 2016-2018, excluding on-road vehicle emissions. Five con-
siderations support this possibility: (a) the difference of accumulation-mode PNCs observed in the morning
rush hours was found to narrow; (b) the growth of newly formed particles in NPF events to sizes >100 nm
was rarely observed (Man et al., 2015; Yu et al., 2019; Zhu et al., 2017, 2019); (c) the growth of pre-existing
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Aitken-mode particles to sizes >100 nm was rarely observed (i.e., the occurrence frequencies of pre-existing
Aitken-mode particle growth were only 4% in 2010-2012 and 2016-2018); (d) the coagulation scavenging
of >100 nm particles in ambient air was negligible (X. H. Yao et al., 2005); and (e) a consistent increase
in each hour occurred only in the heating season with higher PNCs (Figure S10e). Increased accumula-
tion-mode PNCs over the last decade were also reported for a mountainous location in the North China
Plain, based on wide-range particle spectrometer (WPS, Model 1000XP, MSP Corporation) measurements,
implying that the increase in accumulation-mode PNCs may occur regionally. However, the increase in
accumulation-mode particles is inconsistent with the decrease in PM, . mass concentrations over a large
regional scale (Zhu et al., 2021).

To explore the large difference of nucleation-mode PNCs between the two periods in terms of primary
and secondary contributors via NPF events, the diurnal variations in nucleation-mode PNCs were further
sub-classified into plume, NPF, or background categories. We focused on the plume category and NPF
category. In the plume category (Figure 3d), the nucleation-mode PNCs did not show a clear diurnal trend
similar to that in Figure 3a. In 2010-2012, the elevated nucleation-mode PNCs occurred at 02:00-04:00 LT.
The corresponding values in 2016-2018 decreased by 32%-43% relative to 2010-2012 over that time. The
decrease was close to or larger than the decrease by 33% at 08:00-09:00 LT through the same comparison.
The large decrease at 02:00-04:00 LT in 2016-2018 was presumably not caused by reduced on-road vehicle
emissions. Rather, it is more likely to be due to the decreasing emissions from other combustion sources in
2016-2018.

In the NPF category (Figure 3e), a clear unimodal diurnal pattern can be identified with the maximum
nucleation-mode PNCs occurring at 10:00-11:00 during the two periods. The maximum nucleation-mode
PNCs in 2016-2018 was only 8% smaller than that in 2010-2012; however, the nucleation-mode PNCs at
06:00-07:00 LT in 2016-2018 were 45%-49% smaller than the corresponding values in 2010-2012. The
enlarged difference of nucleation-mode PNCs at 06:00-07:00 LT in 2016-2018 relative to 2010-2012 also
points to the largely reduced emissions from on-road vehicles in 2016-2018.

Overall, the nucleation-mode PNCs in 2016-2018 decreased relative to those in 2010-2012. The decrease
in rush hour values was probably due to reduced emissions from on-road vehicles, whereas the decrease at
midnight was probably caused by reduced emissions from other combustion sources. Reduced emissions
of SO, and NO, from industrial combustion expectedly lowered emissions of nucleation-mode and Ait-
ken-mode particles. NPF events probably reduced the difference in hourly average nucleation-mode PNCs
in the NPF category between the two periods, largely by increasing nucleation-mode PNCs. Conversely, the
accumulation-mode PNCs increased in 2016-2018 relative to those in 2010-2012, even though the accumu-
lation-mode particles emitted from on-road vehicles probably decreased in 2016-2018.

3.3. Comparison of PNSDs Measured Between 2010-2012 and 2016-2018

The proportions of the three modes of PNCs in the t-PNCs in 2010-2012 and 2016-2018 are compared in
Figure 4a. The overall average PNSD, as well as PNSDs in the background category, plume category, and
NPF category, are shown in Figures 4b-4e, respectively. As expected, the trimodal distributions can be
clearly identified in both 2010-2012 and 2016-2018. It is worth noting that the peak diameter of the accu-
mulation-mode particles increased from 135 nm in 2010-2012 to 145 nm in 2016-2018, accompanied by an
increase of accumulation-mode PNCs (Figures 4b and 4d). Similar trends can be obtained by analysis of
data from heating and nonheating seasons (Figure S11). However, this increase is generally undetectable
in Figures 4c and 4e where the PNSDs in the background category and NPF category are displayed. Thus,
it can be reasonably inferred that the increase in the plume category in 2016-2018 was probably caused by
enhanced primary emissions, and consequently led to the increase in the overall average PNSD.

In general, the PNCs of the three modes each accounted for approximately one-third of the total t-PNCs
during the two periods. As mentioned, the unique increase in accumulation-mode PNCs for the plume
category in 2016-2018 relative to 2010-2012 led to an increase in the corresponding proportion (Figure 4a).
Conversely, a decrease in nucleation-mode PNCs in 2016-2018 caused a decrease in the corresponding
proportion, leaving no change in the proportion of Aitken-mode PNCs. In the background category and
NPF category, the proportions of the three PNC modes were highly consistent between the two periods. The

ZHU ET AL.

9 of 20



A7
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2021JD035419

I Accumulation mode [l Aitken mode Il Nucleation mode

100
2 012 . . . -
< g0 (@) 2016-2018 ! ! . !
o : : :
FO0F : : :
= ' X . %
o4 1 1
g 40r i ! : ?
|/ ' ' |
=20} ? : % % /
0 : - -
All Background Plume NPF
1800 1800
"= (b) All —=—2010-2012 (c) Background
51500 —o—12016-2018| 1500 |-
=1
21200 - 1200 +
]
g 900 900 |
]
3 600 F 600 |
=
E 300¢ 300 F £
z 0 1 1 0 1 1
10 100 1000 10 100 1000
1800 1800
v d) Plume ¢) NPF period
S1so0] @ 1s00 [ ONPEP
= ;
21200 | 1200 |
]
g 900+ 900
]
3 600} 600 |
B
g 300 300 |
z
0 1 1 0 1 1
10 100 1000 10 100 1000
Mobility diameter (nm) Mobility diameter (nm)

Figure 4. Proportions of nucleation-mode, Aitken-mode, and accumulation-mode particles in the t-PNCs (a), particle
number size distributions of the overall particles (b), background category particles (c), plume category particles (d),
and new particle formation category particles (e) during 2010-2012 (red) and 2016-2018 (blue). Shaded areas represent
a quarter of the standard deviations.

possible impacts of the changed PNSDs on the climate in terms of the annual variations in cloud properties
over Qingdao are further discussed in Section 4.2.

3.4. Comparison of Observed NPF Events Between 2010-2012 and 2016-2018

NPF events can be identified on 96 of the 281 sampling days in 2010-2012 versus 85 of the 343 sampling
days in 2016-2018, with corresponding occurrence frequencies of 34% and 25%, respectively (Figure 5a).
The NPF events were classified into three groups according to their potential climate impacts. In the group
1 events (Figure 5b), the D, of grown new particles was <50 nm, and these were too small to be activated
as CCN. In the group 2 events (Figure 5c), the Dy na OF grown new particles exceeded 50 nm, and these
may have been activated as CCN at different ambient super-saturation levels. In the group 3 events, the
final Dy max of NPF events was unable to be determined in the presence of the invading plumes. No further
analysis of group 3 events are presented in this study.

In 2010-2012, group 1 events occurred on 20% of the 281 sampling days and group 2 events occurred on 10%
of the days. In 2016-2018, the occurrence frequencies of groups 1 and 2 events decreased to 18% and 4%,
respectively. The decrease in NPF frequencies also occurred in heating and nonheating seasons (Figure 5a).
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For example, in nonheating seasons, the occurrence frequency of group 2 events exhibited the largest de-
crease, from 15% in 2010-2012 to 5% in 2016-2018.

Four metrics, that is, the apparent FR, NMINP, GR, and D g WeTE used to characterize the NPF events
(Figure 6). There was no significant difference of apparent FR, NMINP, and GR between 2010-2012 and
2016-2018 with p > 0.05. However, the D values in 2016-2018 were significantly smaller than those in
2010-2012 with p < 0.05. A large difference of air pollutant concentrations is generally observed between
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Figure 6. Box plots of apparent new particle formation rate (a), net maximum increase in the nucleation-mode particle
number concentration (NMINP, b), new particle growth rate (GR, c), and maximum geometric median diameter of
new particles (Dp maye - The left black column in each season represents 2010-2012 and the right solid column in each
season represents 2016-2018. The upper and lower boundaries of the box indicate the 75th and the 25th percentiles,
respectively, the line within the box marks the median, and the whiskers above and below the box indicate the 90th and
tenth percentiles. The squares represent the mean values.
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the heating season and the nonheating season (Xiao et al., 2015). In addition, a large difference in biogenic
VOC concentrations was, as expected, observed between the heating and nonheating seasons because of
temperature effects, although no direct measurements were available. The four metrics in 2010-2012 and
2016-2018 are compared separately in the heating and nonheating seasons and the same results are ob-
tained. The details are presented below.

For the apparent FRs, the overall average values were nearly the same, that is, 5.6 cm™3 s7! in 2010-2012
versus 5.4 cm~3 s7! in 2016-2018 (Figure 6a). The average values in the heating seasons were 5.1 cm—3 s7!
in 2010-2012 versus 5.2 cm~ s7! in 2016-2018, whereas the two values were 6.1 cm~ s7! versus 5.8 cm™
s~! in the nonheating seasons. Note that there were large variations in the apparent FR in each of the two
periods. For example, the 10th and 90th percentiles of the apparent FR were 2.7 cm~3s~! and 10.0 cm—3 s7},
respectively, in 2010-2012, and 2.1 cm~—3 s~ and 10.2 cm~3 s~! in 2016-2018.

For NMINP, the overall averages in 2010-2012 and 2016-2018 were the same at 1.5 X 10* cm~3. When
the heating seasons were examined alone, the average values decreased to 1.3 X 10* cm~3 in each of the
two periods. In the nonheating seasons, the average values increased to 1.6 X 10* cm~3 in 2010-2012 and
1.7 X 10* cm~3 in 2016-2018.

For GR, the overall average values were 4.2 nm h~! in 2010-2012 and 3.7 nm h~! in 2016-2018. In the non-
heating seasons, the two average values were 4.9 nm h~! in 2010-2012 versus 3.9 nm h™! in 2016-2018. In
the heating seasons, the two average values were almost the same, that is, 3.4 nm h™! in 2010-2012 versus
3.5nm h~!in 2016-2018.

ForD, .o the overall averages were 45 nm in 2010-2012 versus 30 nm in 2016-2018. Lower values of D ymax
in 2016-2018 relative to 2010-2012 were also obtained in both the heating (29 vs. 40 nm) and nonheating
seasons (32 vs. 49 nm).

In summary, the averages of apparent FR and NMINP were almost the same in 2010-2012 and in 2016-
2018. Although no significant decrease in GR was occurred in 2016-2018 relative to 2010-2012, the decrease
in Dz WAS significant and large in 2016-2018, which lowered the probability of new grown particles be-

ing activated as CCN. The reasons for the difference in this NPF characteristic between the two time periods
are discussed in Section 4.1.

4. Discussion
4.1. Factors Affecting the Occurrence Frequency and Four Metrics of the NPF Events

Sulfuric acid formed by oxidation of ambient SO, is considered a key precursor species for ambient nu-
cleation in the continental atmosphere. A large decrease in SO, concentrations has been observed across
China in the past decade (Krotkov et al., 2016; X. Li et al., 2020; T. Wang et al., 2018). Between 2010-2012
and 2016-2018, the ambient concentration of SO, decreased by ~60%, and the decreases in the percentage
were almost identical in heating and nonheating seasons (Figure S12a). The decrease in ambient SO, con-
centrations may be the primary factor lowering the occurrence frequency of NPF events. The decreasing
occurrence frequency with decreasing SO, concentration has been previously reported in urban areas, such
as Pittsburgh (U.S.A.), Rochester (U.S.A.), and Melpitz (Germany) (Hamed et al., 2010; Saha et al., 2018; Y.
Wang et al., 2011; Z. B. Wang et al., 2017). In this study, there were no significant changes in the apparent
FR and NMINP values between the two periods. As shown in Figure S13, a weak correlation was obtained
between FR and SO, concentration (r = 0.44, p < 0.05), while no significant correlation can be obtained be-
tween SO, concentration and NMINP (p > 0.05). Our results imply that in addition to the concentrations of
SO,, the apparent FR and NMINP values were also affected by multiple factors, such as biogenic precursors,
amines, CS value, oxidants, and meteorological conditions (Chu et al., 2019; S. H. Lee et al., 2019; Trostl
et al., 2016).

No PM, ; data were available before 2012, but the average PM, ; concentration in Qingdao was reduced by
41% in 2016-2018 relative to 2013 because of the tightened control measures on air pollutant emissions
since 2013. However, no significant decrease in CS was present in 2016-2018 relative to 2010-2012 (Fig-
ure 7a). For example, the average CS was 4.0 X 1072 s7! in 2010-2012 and 3.8 X 1072 s7! in 2016-2018. The
same trend was obtained when the CS in the heating seasons was considered separately. The CS prior to the
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Figure 7. Box plots of condensation sink (CS, a) and new particle formation (NPF) event duration (b), the scatter

plots of apparent formation rate (FR) and NMINP color-coded with CS (c), growth rate (GR) and the maximum size

of the geometric median diameter of the new particles (D gmaX) color-coded with NPF duration (d). In (a) and (b), the
left column in each season represents 2010-2012 and the right columns represent 2016-2018. The upper and lower
boundaries of the box indicate the 75th and the 25th percentiles, respectively, the line within the box marks the
median, and the whiskers above and below the box indicate the 90th and tenth percentiles. The squares represent the
mean values. In (c) and (d), the circles and stars represent the data in 2010-2012 and 2016-2018, respectively. Markers
outlined in black in (d) represent NPF events with one-stage growth. The black and gray lines and equations in (d) were
fitted by one-stage and two (or multi)-stage growth NPF events, respectively.

NPF events was determined mainly by the accumulation-mode particles, which contribute most to the aer-
osol surface area (Gong et al., 2010; Kumar et al., 2014; Zhu et al., 2021). The particle number concentration
in 2016-2018 (100-300 nm) was slightly greater than that in 2010-2012 (Figure 4), and may have resulted
in the almost unchanged CS, although the PM, , concentration also decreased markedly. A case-by-case
analysis of the observed apparent FRs, NMINPs and CSs revealed that larger CS values were always associ-
ated with lower NMINP/FR ratios (Figure 7c). This is expected, given the coagulation-loss term used in the
calculation of FR (see (equation 1) in Supporting Information S1).

Figure 7c shows a strong linear correlation between the apparent FR and NMINP (r = 0.78, p < 0.01). The
fitted equation is highly consistent with our previous results derived from urban, marine, and mountain
atmospheres (L. Ma et al., 2021; Man et al., 2015; Zhu et al., 2017, 2019, 2021). As mentioned, sulfuric acid
formed by the oxidization of SO, is commonly considered as the key precursor for ambient nucleation in the
continental atmosphere. Previous studies have shown that the concentration of gaseous sulfuric acid must
be greater than 10° molecules cm™ for NPF events, while the reported daytime sulfuric acid concentrations
are mostly in the range of 105-107 molecules cm™ in China and are thus theoretically sufficient for NPF
(Erupe et al., 2010; S. H. Lee et al., 2019; X. Li et al., 2020; McMurry et al., 2005; Nieminen et al., 2009; Zhu
et al., 2021). We proposed that sulfuric acid vapor was sufficient for nucleation and that the NPF intensi-
ty was probably determined by the abundance of organic vapors available for participating in nucleation.
According to the literature, the HOMs oxidized from VOCs and amines can participate in and enhance
nucleation in the continental troposphere (Ehn et al., 2014; S. H. Lee et al., 2019; Trostl et al., 2016; L. Yao
etal., 2018; R. Zhang et al., 2012). Increased FR under reduced SO, conditions has been reported in Hyytiald
Forest (Finland) and at Mt. Tai (China), which were attributed to the increased biogenic VOC emissions
(Nieminen et al., 2014; Zhu et al., 2021). In the region of the sampling site, the estimated emissions of
biogenic VOC increased by ~10% between the two periods, mainly because of the increase in forested area
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(Figure S2a, W. H. Chen et al., 2018; H. Wang et al., 2021; Wang, Feng, et al., 2020; X. D. Zhang et al., 2016).
However, no long-term measurements of VOCs and HOMs were made in this study. H. Wang et al. (2021)
also reported that the satellite-determined formaldehyde column density showed statistically significant
positive correlation coefficients over regions with high fractions of vegetative cover. The density values
during the heating and nonheating seasons increased by ~18% and 5% in 2016-2018 relative to 2010-2012
(Figure S12b), suggesting that there had been an increase in the concentration of oxidized VOCs. Moreo-
ver, the measured concentrations of atmospheric NH, in Qingdao, based on the data from the Nationwide
Nitrogen Deposition Monitoring Network, also exhibited an ~59% increase in 2015 relative to 2011-2012
(Figure S12c, no data are available for later than 2016). Thus, the effect of the large decrease in SO, con-
centrations may have been substantially negated, leading to the invariant FR and NMINP values observed
between the two periods in Qingdao.

Differing from the apparent FR and NMINP, Dy showed a significant decrease in 2016-2018 compared
with 2010-2012. Theoretically, the Dy should be linearly correlated with the product of GR and NPF
duration when the newly formed particles undergo typical banana-shaped one-stage growth. However,
two-stage growth or multi-stage growth (see example in Figure S14) more frequently occur in various at-
mospheres, whereby the growth of newly formed particles stops for a few hours, possibly because the con-
densation vapors are inadequate to support growth. The growth of new particles restarts when condensable
vapor concentrations are higher than the required values, and the restarted process is mainly determined
by semi-volatile compounds (L. Ma et al., 2021; Man et al., 2015; Zhu et al., 2014, 2019). The correlation
between GR and Dz At varying NPF durations is shown in Figure 7d for all of the NPF events observed
during the two periods. Considering the NPF events where only one-stage growth occurred (symbols out-
lined in black), the GR and Dy values showed a strong linear relationship (r = 0.73 and p < 0.01). Con-
sidering the two (or multi)-stage growth events alone, the GR (average value of each growth stage) showed
a weak correlation with ngmax (r=10.51and p < 0.01). The D, gmax values in the two (or multi)-stage growth
events were significantly larger than those in the one-stage growth (Figure 7d). The same is true for GR and
NPF duration. The two (or multi)-stage growth NPF events occurred on 29 days in 2010-2012 and 17 days in
2016-2018. The decreased occurrence frequency of two (or multi)-stage growth NPF events led to the small-
eI Dyonax in 2016-2018. In addition, the shorter NPF duration in 2016-2018 implies that the events occurred
over a smaller spatial scale. Note that the D ymax of group 1 events did not exhibit a statistically significant
change in 2016-2018 (23 + 12 nm) relative to that in 2010-2012 (25 + 13 nm), as the p value was >0.05.

The decreased SO, concentration may directly affect the concentration of sulfuric acid vapor and reduce
its contribution to the growth of newly formed particles. However, no significant correlation can be ob-
tained between SO, concentration and GR, Dymax (p > 0.05, Figures S13c and S13d). On the other hand,
the reduced amount of sulfuric acid condensed on newly formed particles may also reduce the aerosol
acidity, subsequently affecting the acid-enhanced uptake of semi-volatile organic species (Ding et al., 2011;
Stangl et al., 2019). Ammonium nitrate has also been reported to promote the second-stage growth of new
particles at nighttime (X. H. Liu et al., 2014; L. Ma et al., 2021; Man et al., 2015; Zhu et al., 2014). In our
campaign-based studies, that is, 2012/2013 winter campaign (December 6, 2012-January 24, 2013) and
2017/2018 winter campaign (December 14, 2017-January 6, 2018), the mass concentration of sulphate in
PM, . largely decreased from 17 + 11 ug m~3 to 4.4 + 4.5 ug m~>. Meanwhile, the mass concentration of
nitrate in PM,  also decreased from 11.5 + 7.9 ug m~* in the 2012/2013 winter campaign to 8.8 + 8.5 ugm=3
in the 2017/2018 winter campaign. Unfortunately, we did not measure the precursor vapors and have no
data on the semi-VOCs throughout the observation periods.

4.2. Elucidating the Complex Relationship Between Atmospheric Particles and Cloud
Properties

The satellite-based AOD, cloud fraction (CF), cloud optical thickness (COT), cloud effective radius (CER),
and cloud water path in liquid phase (CWP) were analyzed during 2010-2019 to better understand the
possible climate impacts of the changed PNSD between the two periods. The monthly mean of the AOD,
COT, CF, CER, and CWP values from the moderate-resolution imaging spectroradiometer (MODIS) level-3
(L3) cloud product (https://ladsweb.modaps.eosdis.nasa.gov/search/order/1/MODO08_M3) over Qingdao
were used to estimate the annual and seasonal averages in each year (Figure 8). AOD and CF showed a
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Figure 8. Time series of satellite retrieved aerosol optical depth (AOD, a), cloud fraction (CF, b), cloud optical thickness (COT, c), cloud water path (CWP, d),
and cloud effective radius (CER, e) from 2010 to 2019, and the relationship between observed PM, ; mass concentration and satellite retrieved AOD (f), AOD
and CF (g), CWP and COT (h) in Qingdao. (satellite data obtained from https://ladsweb.modaps.eosdis.nasa.gov/search/order/1/MOD08_M3).

significant decreasing trend (p < 0.01) since 2013, according to regression analysis and the Mann-Kendall
test. The overall ~40% decrease in AOD is consistent with the nearly identical percentage decrease in mass
concentrations of PM, . observed at the ground level. However, the CF decreased by only ~6% from 2010
to 2019. The decrease in aerosol loadings may have caused a decrease in CF to some extent, on the basis of
the significant correlation between AOD and CF (r = 0.69, p < 0.05, Figure 8g). Note that no significant
correlation exists between CF and CWP and the downward trend in CF was unlikely to have been driven by
CWP. In addition, the regression analysis showed no significant trend in COT, whereas a stable trend was
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revealed by the Mann-Kendall test. COT was strongly correlated with CWP (r = 0.94, p < 0.01, Figure 8h),
which suggests a negligible influence of the changed aerosol loadings on COT. The regression analysis also
showed no significant trend in CER, whereas the Mann-Kendall test showed a probable decreasing trend in
CER from 2013 to 2019 with p = 0.054.

In this study, the observed accumulation-mode PNCs in 2016-2018 increased by an average of 11% relative
to those in 2010-2012, probably due to enhanced primary emissions. The increased accumulation-mode
PNCs may not have led to an increase in CCN, because of the low cloud activities of primary aerosols from
combustion sources (Zhu et al., 2019; Gao et al., 2020; Figure S15). However, the decreasing extent of CCN
in the atmosphere may be substantially smaller than that of AOD, leading to a smaller percentage decrease
in CF, no significant trend in CER, and a negligible detectable influence on COT.

5. Conclusions

PNCs, PNSDs, and NPF events were analyzed to evaluate the possible influence of reduced anthropogenic
emissions on the concentrations of primary and secondary particles between 2010-2012 and 2016-2018 in
a semi-urban area in Qingdao, a coastal city in northern China. The PNCs slightly decreased by an average
of 5% in 2016-2018 relative to 2010-2012, despite a large decrease (>40%) in the PM, , mass concentration.
The nucleation-mode PNCs decreased substantially by an average of 20%. The decrease in nucleation-mode
PNCs between rush hour and midnight was mainly attributable to the decrease in primary emissions in
this period, such as emissions from on-road vehicles and other combustion sources, while the decrease in
nucleation-mode PNCs at 08:00-12:00 may have been due to the 9% decrease in NPF occurrence frequency.
In contrast, the accumulation-mode PNCs increased by an average of 11% with increasing median diameter
of accumulation-mode particles. When the heating and nonheating seasons were separately analyzed, the
nucleation-mode PNCs decreased by 25% in heating season and 14% in nonheating season, while the accu-
mulation-mode PNCs increased by 11% in heating season with a negligible change in nonheating season.

Considering that the concentrations of SO, strongly decreased by ~60% between 2010-2012 and 2016-2018
with similar percentages in heating and nonheating seasons, NFP events during the two periods were com-
pared in terms of occurrence frequency, apparent FR, NMINP, GR, ngmax and their correlations with SO,.
The occurrence frequencies of NPF events decreased from 34% in 2010-2012 to 25% in 2016-2018. However,
no significant changes occurred in NPF intensity, that is, apparent FR and NMINP, in 2016-2018 relative
to 2010-2012. This probably due to other factors such as increased atmospheric VOCs and NH, offsetting
the reduction in SO,, resulting in the invariant FR and NMINP values. The maximum sizes of grown new
particles decreased by 50% in 2016-2018, which is mainly attributed to the fewer precursors were not suffi-
cient to proceed the two (or multi)-stage growth of new particles. The decrease in concentrations of partic-
ulate sulphate and nitrate in 2016-2018 relative to 2010-2012 seems to have restricted the growth of newly
formed particles to some extent. Overall, it can be concluded that the increased accumulation-mode PNCs
in 2016-2018 were unlikely to have been caused by the NPF events that occurred in that period. Since no
emission inventory of PNCs in China is available, the weakness restricts the study to apportion the observed
overall changes between two periods to each secondary or primary source.

The AOD and PM, . mass concentrations largely decreased by ~40% after 2013. Although a downward trend
in CF has indeed existed since 2010, the overall decreasing percentage was only 6%. Moreover, no influence
of decreasing aerosol optical or mass loadings on COT can be detected, while there is a probable decreasing
trend in CER. The increased accumulation-mode PNCs in 2016-2018 relative to 2010-2012, suggest that
decreased concentration of CCN in 2016-2018 may be substantially smaller than the value of AOD and
the PM, , mass concentrations. Continuous observations and modeling studies are required to more fully
understand the long-term trends of different PNC modes and their health and climate impacts.

Data Availability Statement

Data associated with this paper are accessible at https://data.mendeley.com/datasets/jx8y92fdfx/
draft?a=8720245d-159b-4718-a165-844271675939.
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