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Abstract. Because anthropogenic sulfur dioxide (SO2) emissions have decreased considerably in the last decade, PMzs
pollution in China has been alleviated to some extent. However, the effects of reduced SO> on the particle number
concentrations and subsequent contributions of grown new particles to the cloud condensation nuclei (CCN) populations,
particularly at high altitude with low aerosol number loadings, are poorly understood. In this study, we evaluated the
campaign-based measurements made at the summit of Mt. Tai (1534 m a.s.l.) from 2007 to 2018. With the decrease in the
SOz mixing ratios from 15 + 13 ppb in 2007 to 1.6 + 1.6 ppb in 2018, the formation rate of new particles (FR) and the net
maximum increase in the nucleation-mode particle number concentration (NMINP) increased by 2-3 fold in 2018 against
those in 2007. In contrast, the occurrence frequency of new particle formation (NPF) events in which the maximum
geometric median diameter of grown new particles (Dpgmax) Was >50 nm decreased considerably from 43%—78% of the NPF
events before 2015 to <12% in 2017-2018. Assuming >50 nm as a CCN threshold size at high supersaturations, the observed
net CCN production decreased from 3703 cm™ (on average) before 2015 to 1026 cm™3 (on average) in 2017-2018. We argue
that the increase in the FR and NMINP is mainly determined by the availability of organic precursors that participate in
nucleation and initial growth, whereas the decrease in the growth probability is caused by the reduced emissions of
anthropogenic precursors. However, large uncertainties still exist because of a lack of data on the chemical composition of

these smaller particles.
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1. Introduction

Atmospheric new particle formation (NPF) is regarded as an important source of aerosol particles in terms of number
concentrations, and the newly formed particles can grow into a variety of sizes with different functions. For example,
particles larger than 50-80 nm may act as cloud condensation nuclei (CCN), whereas those larger than 100 nm may directly
affect solar radiation (Kulmala and Kerminen, 2008; Kerminen et al., 2012; Seinfeld and Pandis, 2012). Sulfuric acid (H2SO4)
is considered as the key nucleating precursor for NPF, and other species, such as ammonia (NH3), amines, and highly
oxygenated molecules [HOMs—oxidation products of volatile organic compounds (VOCs)] can also participate and enhance
nucleation in the continental troposphere (Ehn et al., 2014; Trostl et al., 2016; Yao et al., 2018; Kerminen et al, 2018; Chu et
al., 2019; Lee et al., 2019). The subsequent growth of new particles is affected by not only the abovementioned precursors

but also the semi-volatile compounds (Riipinen et al., 2012; Ehn et al., 2014; Trostl et al., 2016).

NPF events have been reported widely throughout the world, including in the severely polluted urban and rural areas in
China that experience high sulfur dioxide (SO2) concentrations and high aerosol loading (Kulmala et al., 2004; Gao et al.,
2009; Guo et al., 2012; Nie et al., 2014; Kerminen et al., 2018; Chu et al., 2019). In the last few decades, anthropogenic
emissions of gaseous and particulate air pollutants in China have been reduced substantially due to the rigorous emission
control policies. Between 2007 and 2018 (the observation period in this study), the national total SO2 emissions decreased by
67% (from 24.7 million tons to 8.2 million tons), and the national average ambient SO concentrations decreased by 73%
(from 17.9 ppb to 4.9 ppb, see Fig. S1). The North China Plain (NCP) region experiences the most severe SO pollution,
which has shown a visible decreasing trend since 2011 (Krotkov et al., 2016; Fan et al., 2020). Such huge reductions in SO»
emissions may alter the frequency and intensity of NPF events and the subsequent growth of new particles. The changes in
the mixing ratios of VOC components, ambient oxidants, aerosol loading, and meteorological factors may also influence the

NPF events, yielding more complex and uncertain feedbacks (Kulmala and Kerminen, 2008; Zhang et al., 2012).

The long-term changes in the NPF events under reduced SO: conditions have been studied in several cities in Europe
and the U.S. For example, decreased NPF frequency and reduced new particle yields accompanied by a decline in the SO»
concentrations were observed in Pittsburgh (U.S.), Rochester (U.S.), and Melpitz (Germany) (Hamed et al., 2010; Wang et
al., 2011, 2017; Saha et al., 2018). In contrast, long-term studies in Pallas (Finland), Hyytiéla (Finland), and Crete (Greece)
showed no trend in the NPF frequency despite a considerable decrease in the ambient SO2 concentrations all over Europe
(Asmi et al., 2011; Nieminen et al., 2014; Kalivitis, et al., 2019). Moreover, a slightly upward trend in the particle formation
and growth rates was observed in Pallas and Hyytiild, attributable to the increased biogenic VOC (BVOC) emissions (Asmi
et al., 2011; Nieminen et al., 2014). In China, the earliest observation of NPF events started around 2004 in Beijing (Wu et
al., 2007). Comparison of tens of independent experiments showed that the NPF frequency has remained relatively constant
until recent years, probably due to the reduced production and reduced loss rate of H2SO4, which may have canceled each

other out to some extent in Beijing (Chu et al., 2019; Li et al., 2020). However, the long-term changes in NPF intensities and
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the subsequent growth of new particles have not been studied in China, where the anthropogenic emissions of various air

pollutants have been changing significantly in the past decade.

In this study, we analyzed the measurement data of particle number concentrations, chemical compositions, trace gases,
and meteorological parameters collected at the summit of Mt. Tai (36.25°N, 117.1°E, 1534 m a.s.l.) during seven
observational campaigns from 2007 to 2018. Mt. Tai is the highest mountain in the NCP, located at the region’s center, and
the observation station has been widely deployed to investigate the regional air pollution as well as transport and chemical
processes in the NCP (Gao et al., 2005; Li et al., 2011; Sun et al., 2016; Wen et al., 2018). Moreover, the summit is close to
the top of the planetary boundary layer or even in the free troposphere sometimes, and is characterized by fewer pre-existing
particles, stronger UV solar radiation, and lower ambient temperature, which favor NPF events (Li et al., 2011; Shen et al.,
2016a; Lv et al., 2018;). The contribution of new particles, compared with that of primary particles, to CCN population
reportedly increases at higher elevations, indicating a critical role of high-altitude NPF in cloud formation and related
climate impacts (Merikanto et al., 2009). Our study aimed to examine the effects of reduced SO: emissions on the regional

NPF events in terms of their occurrence frequency, and intensity and the subsequent growth of new particles at high altitudes.

2. Methods
2.1 Experimental

This study comprised seven intensive campaigns from 2007 to 2018, and the details are summarized in Table 1. The
duration of each campaign varied from 18 days to 71 days. The measurement data obtained in the four campaigns in 2007,
2014, and 2015 have been reported by Gao et al. (2008) and Lv et al. (2018), and here, all of the available data were

combined to derive the decadal trends in NPF events.

All measurements were obtained using commercial instruments, which have been described in previous studies (e.g.,
Zhou et al., 2009; Zhu et al., 2017; Lv et al., 2018). During the seven campaigns, particle number size distributions (PNSDs)
were monitored using a wide-range particle spectrometer (WPS; Model 1000XP, MSP Corporation, USA) at ambient relative
humidity (RH) conditions. The WPS combines a differential mobility analyzer (DMA), a condensation particle counter
(CPC), and a laser particle spectrometer (LPS). The DMA and CPC can measure particles in the 5-500 nm (or 10-500 nm)
size range and were set up to 48 channels. The LPS covers the size range of 350 nm—10 um and was divided into 24 channels.
Occasionally, the data quality was poor at the bins around 330 nm; therefore, we used 10-300 nm particles for calculations
in all campaigns except for that in spring of 2007, when the data of >153 nm particles were missing and we used data of 10—

150 nm particles instead for calculation.

Trace gases were monitored during each campaign. SO, was measured using an ultraviolet fluorescence analyzer
(Model 43C, Thermo Electron Corporation, USA); O3z was monitored using two ultraviolet absorption analyzers (Model 49C,
Thermo Electron Corporation, USA, or Model 400U, Advanced Pollution Instrumentation Inc., USA); NO and NO: were

3
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monitored using a chemiluminescence analyzer (Model 42C or 42i, Thermo Electron Corporation, USA) equipped with a
blue light converter before August 2014 and subsequently using a chemiluminescence analyzer (Model T200U, API, USA)
and a cavity-attenuated phase-shift spectroscopy instrument (Model T500U, API, USA), respectively. The inorganic water-
soluble ions in PM2 s together with acid and alkaline gases were measured using an online Ambient Ion Monitor (URG-AIM
9000B, URG Corporation, USA; only for water-soluble ions in PM> ) in 2007 and using a Monitor for Aerosols and Gases
(MARGA; ADI20801, Applikon-ECN, Netherlands) in the five campaigns from 2014 onward. Data of the meteorological
parameters including temperature (T), RH, wind speed, wind directions, and precipitation were provided by the Mt. Tai

Meteorological Station.

Air mass back trajectories were calculated using the Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model. The input meteorological data [Global Data Analysis System (GDAS) data] were used with 1° latitude—
longitude resolution. The trajectory ending height of 1400 m a.g.l. was selected because the terrain height on Mt. Tai was

approximately 150 m in the GDAS data.

2.2 Calculation methods
2.2.1 Definition of NPF events and relevant parameters

In this study, particles with diameter smaller than 25 nm were defined as nucleation mode particles (Kulmala et al.,
2012). NPF events can be identified as distinct bursts of new nucleation mode particles, which keep growing larger over a
period of time (Dal Maso et al., 2005; Hirsikko et al., 2007; Kulmala et al., 2012). The end time of an NPF event was
defined as the time when the particle number concentrations approached the background levels observed before the NPF

event. The NPF event duration was defined as the time duration between the start time and end time of an NPF event.

Three parameters are commonly used to evaluate the NPF characteristics, viz., new particle formation rate (FR), growth
rate (GR), and condensation sink (CS) (Sihto et al., 2006; Kulmala et al., 2012), and were calculated here following the
method described by Zhu et al. (2017 and 2019; and see supplementary materials). The net maximum increase in the

nucleation-mode particle number concentration (NMINP) was also calculated as described by Zhu et al. (2017 and 2019).

NMINP = N10-25um (t1) = N10-25 nm (to) (1)
where Nios am is the sum of nucleation mode particle number concentrations, and to and t; represent the time of an NPF
event to be initially observed and the time when Njo-25 um reaches the maximum value, respectively.

D,e represents the geometric median diameter of new particles and was fitted by a multi log-normal distribution
function (Whitby, 1978; Zhu et al., 2014, 2019; Man et al., 2015). Varying size ceilings occurred during the growth of newly

formed particles, and the maximum size of D,; was defined as Dpgma (Zhu et al., 2019).
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As shown in Fig. 1, the NPF events were classified into three categories according to the different sizes of Dpgmax. In
Category 1 events (e.g., December 25, 2017, Fig. 1a), the new particles grow to Dpgmax of <50 nm, which is too small to serve
as CCN. In Category 2 events (e.g., April 7, 2018, Fig. 1b), the new particles grow to Dpgmar 0f 50-80 nm. In Category 3
events (e.g., December 24, 2017, Fig. 1a), the new particles grow to Dpgmax of >80 nm. The NPF events in Categories 2 and 3

can be regarded as climate-relevant events.

2.2.2 Sulfuric acid proxy

The proxy for HSO4 concentration could be roughly estimated based on the solar radiation (SR), SO> concentration, CS,

and RH as follows (Mikkonen et al., 2011; Lv et al., 2018):
[H2SO4] = 8.21 x 1073-k-SR[SO]%62-(CS-RH) 13 2)
where £ is a temperature-dependent reaction rate constant, and SR was estimated from the HYSPLIT model.

The contribution of H2SO4 vapor to the particle growth from Dy to D,1 can be expressed by the following equation

(Kulmala et al., 2001):
R = ([H2S04]ave/C) x 100% 3)

where [H2SO4]avg is the average concentration of H2SO4 during the particle growth period, and C is the total concentration of
condensable vapor for the particle growth from Do to Dp1, which can be calculated as described by Kulmala et al. (2001).
Notably, uncertainty may exist in the estimated contribution of the SO concentrations and radiation intensity to H2SO4, as

well as in the contribution of H2SOj4 to the particle growth.

2.2.3 CCN parameters

In the absence of direct CCN measurements, the potential contribution of new particles to the CCN population can be
estimated from the particle number size distribution (Lihavainen et al., 2003; Rose et al., 2017). Theoretically, particles
larger than 50 nm (i.e., 80 nm) can be activated as CCN under quite high (moderate) supersaturation (Dusek et al., 2006;
Petters and Kreidenweis, 2007; Ma et al., 2016), and particles larger than 100 nm can directly impact climate by scattering
and absorbing solar radiation (Charlson et al., 1992; Seinfeld and Pandis, 2012). In this study, we introduced three terms: the
net increase of NPF-derived CCN number concentration (ANccen), the survival probability of new particles to CCN sizes
(SP), and the relative increase ratio of CCN population (Rcen). Three sizes, viz., 50 nm, 80 nm, and 100 nm, were defined as

the CCN threshold sizes. ANccn was calculated following the method of Rose et al. (2017):
ANcen = Neen (t'1) — Neen (to) “)

where the Nccen terms represent the potential CCN number concentrations and were estimated from the number

concentrations of particles larger than 50 nm, 80 nm, and 100 nm (Ncenso, Neenso, and Neenioo, respectively); to is the time
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when an NPF event is initially observed, same to that in equation (1); and t'1 is the time when the Nccn reaches the maximum
value during the new particle growth periods. Each concentration was taken as 1-h average. The ANccn eliminates the

influence of pre-existing particles.
The SP was calculated as described by Zhu et al. (2019):
SP = ANcen/NMINP %)
Rcen values were the ratios of NPF-derived CCN to pre-existing CCN and were calculated as follows:

Recen= ANcen/Neen (to) (6)

3. Results
3.1 Variation in the NPF frequency

During the seven campaigns, NPF events were observed on 106 of the 265 sampling days. As shown in Fig. 2, the NPF
frequencies in three seasons of different years were surprisingly almost the same, i.e., 50% in the spring of 2007, 50% in the
summer of 2009, 49% in the winter of 2017, and 51% in the spring of 2018. However, the NPF frequency decreased to 42%
in the summer of 2014, 33% in the fall of 2014, and 20% in the summer of 2015. The low NPF frequencies were likely
caused by the unfavorable weather conditions. For example, there were 15 rainy days out of the 40 sampling days during the

2015 summer campaign, but only 3 rainy days out of the total 18 sampling days in the 2009 summer campaign.

When Categories 1, 2, and 3 of NPF events were examined separately, the Category 1 NPF frequencies in the winter of
2017 (43%) and the spring of 2018 (49%) were significantly higher than those before (5%-21%; p < 0.05). Category 2
events were absent in the winter of 2017, whereas Category 3 events were absent in the spring of 2018. The sums of
Category 2 and 3 NPF frequencies were significantly lower in 2017 (6%) and 2018 (3%) than before (14%—-39%; p < 0.05),
even in comparison with the lower NPF frequencies in the summer of 2015 (15%) and the fall of 2014 (14%). When the
sums of Category 2 and 3 NPF frequencies in each campaign were normalized by the corresponding total NPF frequency, the
boundary was clearer, i.e., the normalized sum values were as high as 43%—78% before 2015 and <12% in 2017-2018.
Clearly, the newly formed particles observed at Mt. Tai had been less climatically relevant in 2017-2018 compared with

those before 2015, despite the comparable NPF frequencies.

3.2 Variations in the FR, NMINP, GR, and Dpgmax

We used four metrics, i.e., the FR, NMINP, GR, and Dpgnax, to characterize the NPF events and evaluate potential
climate impacts of the grown new particles (Fig. 3). During the four campaigns in 2007, 2009, and 2014, the calculated FR
varied narrowly in each campaign and the campaign average narrowed to 0.8-1.2 cm™ s™!. The FR increased thereafter, i.e.,

26+ 13cm>s'in2015,2.0+1.7cm> s 'in 2017, and 3.0 £ 2.7 cm™> s~ in 2018. The FRs were 3—7 times lower than

6
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those obtained from the measurements down to 3 nm simultaneously made by twin differential mobility particle sizer
(TDMPS) or neutral cluster and air ion spectrometer (NAIS) at the same site during previous campaigns (Shen et al., 2016a,b;

Lvetal., 2018).

The NMINP showed a temporal variation trend similar to that shown by the FR (Fig. 3b). The campaign average
NMINP varied in a narrow range of 3.8-5.1 x 103 cm™3 in 2007-2014, but then showed an increasing trend from 6.3 + 2.6 x
103 cm™in 2015,9.4 £ 7.9 x 103 cm™3 in 2017, to 1.1 £ 1.0 x 10* cm™3 in 2018. The increase in the NMINP should enhance
the contribution of NPF events to the ambient particle number concentration, but the NMINP at Mt. Tai before 2015 was

only approximately Y4—' of our previous observations in urban and marine atmospheres (Zhu et al., 2017, 2019).

Unlike the increasing trends in the FR and NMINP from 2007 to 2018, the GR showed a strongly season-dependent
trend (Fig. 3c). Higher GRs were generally observed in the summer campaigns, with the three campaign averages in the
range of 7.3-9.6 nm h™!, consistent with those reported in the literature, because of enhanced photochemical reactions and
biological activities (Kulmala et al., 2004; Chu et al., 2019). The reverse was true in winter, and a lower GR was expectedly
observed in the winter of 2017, i.e., 2.3 = 1.3 nm h™!. The GRs in the spring and fall campaigns ranked between those of
summer and winter campaigns. The average GR in the spring of 2007 (4.4 + 2.3 nm h!) was slightly higher than that in the
spring of 2018 (3.3 + 2.3 nm h!), although the FR and NMINP increased considerably in the latter spring campaign. The
average GR was 4.9 £ 2.7 nm h™!in the fall of 2014,

The Dpgmax is partially determined by the GR. The largest campaign average Dpgmar of 84 + 39 nm expectedly appeared
in the summer of 2009, followed by 71 + 24 nm in the summer of 2015. However, the campaign average Dpgmax Was only 60
+ 18 nm in the summer of 2014, followed by 59 + 18 nm in the spring of 2007, 53 + 22 nm in the fall of 2014, and 48 + 58
nm in the winter of 2017. The campaign average Dpgmax in the spring of 2018 was the lowest, i.e., 29 + 13 nm, although the
campaign average GR was even larger than that in the winter of 2017. These findings indicate that the Dpgma 1s clearly

determined not only by the GR but also by unidentified factors, which will be addressed in Section 4.2.

In summary, we found an increasing trend in the FR and NMINP from 2007 to 2018. The GR showed strong season
dependence, without any inter-annual variations. The Dpgnax Was significantly lower in 2018, but the GR alone cannot

explain the lower values.

3.3 Potential contribution to CCN production from the NPF events

Direct measurements of the CCN were not available; therefore, potential contributions of the grown new particles to the
CCN population were estimated using equations (4)—(6). The contributions varied considerably between campaigns (Fig. 4).
In general, the NPF-derived CCNs were seasonally dependent, i.e., the highest number concentrations occurred in summer,
followed by spring, fall, and winter. With an increase in the threshold diameters, roughly corresponding to a decrease in

supersaturation from >0.6% to <0.1% (Li et al., 2015), the estimated contributions decreased because new particles were
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continuously removed either by coagulation or atmospheric deposition during the particle growth. During the three summer
campaigns in 2009, 2014, and 2015, larger NPF-derived CCNs were estimated with average ANccnso, ANcengo, and ANcenioo
of 44 +£25x10° cm™, 1.9 £ 1.5 x 10° cm™3, and 1.0 = 0.9 x 10° cm3, respectively. Overall, the values decreased by
approximately 50% in the spring of 2007 and the fall of 2014. The NPF-derived CCNs in these five campaigns were larger
than those reported in the previous studies for the same season at Mt. Chacaltaya (5240 m, Bolivia) and Botsalano (1424 m,
South-Africa) (Kerminen et al., 2012; Rose et al., 2017). In comparison, extremely low NPF-derived CCNs were observed in
2017 and 2018, i.e., ANcenso of only 1.1 £ 1.7 x 10° em™, ANcenso of 0.5 £ 0.9 x 10° cm™, and ANcenioo of 0.2 £ 0.5 x 103

cm™3.

High SPs were found during the three summer campaigns in 2009, 2014, and 2015, with average SPccnso, SPcengo, and
SPcenioo of 114%, 51%, and 28%, respectively (Fig. 4b). Notably, the SPcenso of >100% implied that almost all new
particles could grow larger than 50 nm. The SPs decreased by approximately 50% in the spring of 2007 and the fall of 2014.
In 2017 and 2018, the average SPccnso, SPcengo, and SPeenioo were only 14%, 7%, and 3%, respectively, indicating that only
a minor fraction of new particles could grow to CCN sizes before being scavenged. It appears that the lower NMINP
occasionally led to higher SPs. For example, the highest SPccnso, SPcengo, and SPeenioo of 149%, 64%, and 32%,
respectively, were observed in the summer of 2014, and the lowest NMINP was also obtained in that campaign. Note that the

spatial-temporal heterogeneity during NPF events could also result in high SPs of >100% in some cases (e.g., Fig. S2).

Figure 4c shows the percentage increase in the NPF-derived CCN relative to the pre-existing CCN. The percentages
were the highest in the summer of 2014, e.g., 676%, 597%, and 482% for Rccnso, Reenso, and Recenioo, respectively. This
finding could be attributable to the combination of high ANccn and low number concentrations of pre-existing particles in
that campaign (Fig. S3). In the remaining four campaigns during 2007-2015, the percentages still exceeded 100%, i.e.,
250%—-380% for Rcenso, 150%—290% for Reengo, and 110%—280% for Reenioo. These ratios are within the range reported in
the literature (50%—1100%), although the calculation methods were slightly different between the studies (Lee et al., 2019).
However, in 2017 and 2018, the percentages decreased considerably, e.g., <40% for Rcenso and <20% for Reengo and Reenioo.

It appears that a turn point occurred during 2017 or even earlier, but no data from 2016 were available to confirm this.

4. Discussion
4.1 Question 1: what caused the unexpected responses of NPF to reduced SO: concentrations?

H2SO4 oxidized from ambient SO is one of the most important precursors for atmospheric nucleation. Decreases in
ambient SO mixing ratios, e.g., an annual average concentration decrease from 9 ppb to 1 ppb in Pittsburgh, 5 ppb to 3 ppb
in Rochester, and 5 ppb to 2 ppb in Melpitz, have been reported to cause 40%—60% reduction in the NPF occurrence
frequency and 40%—70% reduction in the NPF intensity (e.g., Hamed et al., 2010; Wang et al., 2011, 2017; Saha et al., 2018).

However, this was not the case at the summit of Mt. Tai, where the NPF occurrence frequencies were almost invariant in the
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spring of 2007, summer of 2009, winter of 2017, and spring of 2018. The observed SO2 mixing ratios in this study decreased
considerably from 15 + 13 ppb in 2007 to 1.6 + 1.6 ppb in 2018 (SO2 during NPF periods decreased from 17 £ 11 ppb to 2.8
+ 1.8 ppb, Fig. 5a). In addition, SO2 emissions in China were reduced by approximately two-thirds from 2007 to 2018 (Fig.

S1), and the sharpest reduction occurred in 2015-2016 owing to stringent mitigation policies.

As the calculated CSs before the NPF events increased in the 2017 and 2018 campaigns relative to those in the 2007
and 2009 campaigns (Fig. 5b), CSs were unlikely the cause for the non-decrease in the NPF occurrence frequency in 2017
and 2018. It has been reported that a low CS is not necessary to promote NPF occurrence at altitudes higher than 1000 m
(Sellegri et al., 2019). Thus, other factors such as meteorological conditions and biogenic precursors (e.g., amines and highly

oxidized organics) may overwhelm SO: and CS in determining the NPF occurrence frequency at Mt. Tai.

We further conducted a few statistical tests to explore the association of the FR and NMINP with SO.. The correlation
analysis using the campaign averages showed weak negative correlations of FRs and NMINPs with SO> mixing ratios (r =
0.4 and 0.3, respectively; both p > 0.05). Again, these results implied that other factors overwhelmed SO, mixing ratios in
determining the FRs and NMINPs. When the observations were analyzed case by case, the correlations of the FRs and
NMINPs with SO, mixing ratios were even weaker, with r = —0.12 and —0.14, respectively (both p > 0.05). Similar results
were found when the estimated H2SO4 vapor was used for correlation analysis (r = —0.12 and —0.13, respectively; both p >

0.05, Fig. S4).

Table 2 provides a comprehensive comparison of the measured ambient conditions between the spring of 2007 and
2018. It shows that the decrease in SO», estimated H2SO4 concentration, and NH3 did not explain the increases in the FRs and
NMINP in 2018. Although amines were not measured, they are usually highly correlated with NH3 (Xie et al., 2018). Based
on the unique roles of HOMs in enhancing atmospheric nucleation and promoting the growth of new particles (Paasonen et
al., 2010; Ehn et al., 2014; Kerminen et al., 2018), HOMs were speculated to play an important role in determining the
unexpected responses of NPF to reduced SO in 2018. However, we had no measurements of HOMs. Nevertheless, the

correlation between the FR and NMINP at Mt. Tai appears to support the hypothesis as presented below.

During the 106 cases of NPF events, the FR and NMINP showed a good linear correlation (r = 0.84, p < 0.01) (Fig. 6).
The fitted equation was highly consistent with those derived for urban and marine atmospheres (Man et al., 2015; Zhu et al.,
2017, 2019; Ma et al., 2020). The strong linear relationship between the FR and NMINP suggested that H>SO4 vapor was
sufficient for nucleation, and the NPF intensity was very likely determined by the abundance of organic vapors available for
participating in nucleation. Following the equation in the literature, i.e., FR = knucorg[H2SO4]™ [NucOrg]" (Anucorg as a
constant, and m and n as integers; Zhang et al., 2012), the FR is controlled by the concentrations of both H>SO4 vapor and
organic vapor. We then considered two technical terms, i.e., the total concentration of H2SO4 vapor and the consumed
amount of H>SO4 vapor for NPF. Unlike the FR, the NMINP was always determined by the consumed amount of H2SO4

vapor, which may or may not have a positive correlation with the total concentration of HoSO4 vapor. The linear correlation
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between the FR and NMIMP suggests one possibility, i.e., the H2SO4 vapor was sufficient and the availability of organic
vapor determined both the FR and the consumed amount of H>SO4 vapor proportional to the NMINP. Previous field
measurements have shown that gaseous H>SO4 in concentrations of 10° molecules/cm? is necessary for NPF (McMurry et al.,
2005; Nieminen et al., 2009; Erupe et al., 2010; Lee et al., 2019). In this study, the estimated H2SO4 concentration was in the
range of 10°~107 molecules/cm? and theoretically sufficient for NPF (Table 2). Under other conditions, poor correlations are

expected between the FR and NMIMP, e.g., with FR > 8 cm™ s7! reported in previous studies (gray cross markers in Fig. 6).

Previous studies have reported that the BVOC emissions over the NCP have substantially increased in the last decade
because of changes in land use and climate (Stavrakou et al., 2014; Ma et al., 2019). During our observations, the TVOC
mixing ratios approached 16.1 = 6.5 ppb in the 2018 spring campaign, which was almost double that in the June 2006
campaign (Mao et al., 2009; no data from the spring 2007 campaign were available). However, the increase in TVOC and
BVOC emissions in 2018 cannot provide sufficient direct information about the increase in nucleating organics, and the
measurements of H>SO4 at Mt. Tai were unavailable. Thus, the unexpected response of NPF events to reduced SO remains a
puzzle, and more measurements of organics (e.g., HOMs) are needed. Note that the campaign average of PMys mass
concentration in 2018 indeed decreased. The decrease was apparently determined by the decrease in particles larger than 300

nm. Thus, the CS still increased in 2018 compared with that in 2007.

4.2 Question 2: Did the contribution of NPF events to CCN population decrease considerably with SO: reduction?

Based on the observations alone, the Dpgmax and the contribution of NPF to CCN population decreased considerably
with the reduction in SO,. However, uncertainties still exist, e.g., 1) the data size was small, and we should be cautious in
extending the conclusion to a large spatiotemporal scale; 2) the observation station alternated between the boundary layer
and the free troposphere, and the growth behaviors of new particles when new particle signals disappeared from the
observations were unknown; and other sources of uncertainty. Thus, we further analyzed the Dpgmax in terms of the calculated

particle GR, the observation duration of NPF events on site, and the underlying atmospheric processes.

Theoretically, the Dpgmax should be a function of the GR and the NPF duration. The GR is determined by real-time
concentrations of condensation vapors, whereas the NPF duration is determined by the availability of condensation vapor
over a certain long period, both of which are influenced by the concentration of oxidants (Zhang et al., 2012, Apsokardu and
Johnston, 2018). In this study, a moderate correlation was observed between the Dpgmer and GR (r = 0.5, p < 0.01),
suggesting that the GR alone does not determine the Dpgmer. When two outliers were removed, r increased to 0.68 (Fig. 7a).
In addition, the GR showed a positive correlation with total oxidant (Ox = NO2 + O3), but with r as low as 0.38 (p < 0.01)
(Fig. S5). Meanwhile, the Dpgmar and the duration of NPF events also showed good correlation (r = 0.74, p < 0.01) (Fig. 7e).
Our results imply that both the real-time concentrations and the continuous supply of condensation vapor play dominant

roles in growing new particles to the CCN size.
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To deepen the analysis, we considered three situations of the new particle growth. Type A (full marker in Fig. 7)
represents that new particles continuously grow to the size of Dpgmax until the new particle signal drops to a negligible level.
Type B (empty marker) represents the NPF events in which the growth of new particles is similar to that in Type A before
the arrival of their Dpgmax. After the arrival of their Dpgmar, grown new particles in Type B can still be observed for one more
hour, after which either the growth stops for over one hour or the particles start shrinking to a smaller size until the new
particle signal disappears. Type C (half-full marker) represents the NPF events that are not subject to Type A or B. A multi-
stage growth of new particles can be observed in Type C. A few examples of the three types are shown in Fig. S6. We also

separated the observations in 2017 and 2018 (in red) from those in 2007-2015 (in blue).

For Type A, the averaged GR and Dpgmax in 2017-2018 were only 1.5 nm h™' and 23 nm, respectively, which were
significantly lower than 3.5 nm h™' and 51 nm, respectively, observed in 2007-2015 (p < 0.01). The duration of NPF events
showed no significant difference between 2017-2018 and 2007-2015. As reported in the literature, the lifetime of 50 nm
particles in the boundary layer is approximately one day and is much longer in the free troposphere (Williams et al., 2002). It
can be argued that the new particles in Type A of 2007-2015 may still have been able to grow to the CCN size even after the
new particle signal disappeared from the observation. However, the lifetime of 20 nm particles in the boundary layer is only
several hours (Williams et al., 2002). If the Type A NPF events in 2017-2018 occurred in the boundary layer, the new
particles may not have been able to grow to the CCN size before being scavenged from the ambient air. If they occurred in
the free troposphere, the longer lifetime may have allowed the new particles in some events to be able to grow to the CCN
size. For example, the NPF event on March 21, 2018 ended with the increase in wind speed and change in wind direction,
and the number concentration of new particles remained at a high level. The air mass back trajectories passed through the
NCP at a high altitude (>1700 m a.g.l) at the beginning and end of the NPF event (Fig. S6a, b). In addition, the spikes of
PNSDs during this NPF event indicated the vertical transport of atmospheric particles (Meng et al., 2015). We infer that this
NPF event seemingly occurred in the free troposphere, and a large decrease in the entrainment from the free troposphere to
the boundary layer may have led to the disappearance of the new particle signal. Recent aircraft and airship measurements in
northern and eastern China suggested that NPF events sometimes occurred in the free troposphere and then mixed down to

the boundary layer (Quan et al., 2017; Qi et al., 2019).

In the case of Type B, the GR and Dpgmar in 2017-2018 (the mean values of 3.2 nm h™! and 29 nm, respectively) were
also significantly lower than those in 2007-2015 (6.1 nm h™! and 56 nm, respectively; p < 0.01). The number concentrations
or the sizes of new particles decreased considerably at the end of Type B NPF events, and the transient time for the decrease
suggested that the events occurred in the boundary layer. For example, the air mass back trajectories at the end of NPF on
April 7, 2018 originated from low altitude, and the height varied greatly over time (Fig. Sé6c, d). Most of the Type B NPF
events in 2017-2018 may have had less opportunity to contribute to the CCN population, if they indeed occurred in the

boundary layer. However, aircraft measurements need to confirm at which altitude the NPF events occur.
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Type C was characterized by the largest GR, duration, and Dpgmar, with mean values of 7.7 nm h™!, 26 h, and 98 nm,
respectively. These particles underwent multiple growth processes. The air mass back trajectories at the end of the NPF
event on September 30, 2014 were local and originated at a low altitude (Fig. S6e, f), implying that these new particles
experienced sufficient growth within the boundary layer. There were 16 Type C NPF events during 2007-2015 and only two
in 2017. The lack of Type C NPF events in 2017-2018 implies a significant decrease in the contribution of new particles to
the CCN population.

The factors influencing the decreased Dpgmax and NPF-derived CCN population in 2017-2018 were further explored.
The decrease in the mixing ratios of SO and H>SO4 would reduce the contribution of H2SO4 to the growth of new particles.
For example, the contribution of H2SO4 vapor to particle growth decreased from 36% in the spring of 2007 to 11% in the
spring of 2018 (Table 2). However, this percentage is likely not high enough to explain the 50% decrease in the GR and
Dpgmax in Types A and B. Meanwhile, the oxidant (Ox) concentrations were comparable between the two spring campaigns in
2007 and 2018 (Fig. 5c¢). Again, the changes in the VOC components and their condensation may be responsible for the
significant decrease observed in the GR and Dpgnax. In 2018, the mixing ratio of TVOCs increased considerably. However,
the mixing ratios of aromatic hydrocarbons showed a decreasing trend, i.e., from approximately 2.4 ppb in 2006 to 1.3 ppb in
2018, implying a decline in biomass and anthropogenic sources versus an increase in BVOC emissions. Furthermore, the
reduction in SOz and sulfate may have reduced aerosol acidity, subsequently affecting the acid-enhanced uptake of semi-
volatile organic species (Ding et al., 2011; Stangl et al., 2019). This hypothesis is supported by the lower level of organic
carbon (OC) in PM> s found in the spring of 2018 (5.5 + 2.0 ug m>) than in the spring of 2007 (6.1 + 3.0 pg m™3), although
TVOC emissions in 2018 were almost double those in 2007 (Table 2, Wang et al., 2011; Dong et al., 2020). Unfortunately,
the chemical data of size-segregated molecular constituents are not available to confirm this finding, and therefore, more

refined observations are urgently needed in the future.

5. Conclusions

With an order of magnitude reduction in SO emissions, the NPF frequency observed at the summit of Mt. Tai remained
relatively constant during 2007-2018. The calculated FR and NMINP were 0.8-1.2 cm™ s7! and 3.8-5.1 x 10° cm™ in 2007—
2014 and then unexpectedly increased by a factor of 2-3 in 2017-2018 to 2.0-3.0 cm™ s! and 0.9-1.1 x 10* cm>,
respectively. However, the large increase in the NPF intensity was accompanied by a smaller probability of the particles
growing to the CCN size. The number concentrations of NPF-derived CCN with the three threshold sizes 50, 80, and 100 nm
were estimated as 3703, 1556, and 861 cm™ from 2007 to 2015, which then decreased to 1026, 456, and 176 cm™>,
respectively, in 2017 and 2018. On considering the three types of NPF events separately, it remains uncertain whether the
new particles in Type A can grow to the CCN size after the disappearance of the new particle signals from observations. No
conclusion can be drawn on this issue based on the current limited chemical observations. However, the new particles in

Type B may have less opportunity to grow to the CCN size before they are scavenged from the ambient air. The lack of Type
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C NPF events in 2017-2018 indicates a large decrease in the probability of new particles growing to the CCN size with the
reduction in ambient air pollutants. Moreover, shorter durations of the NPF events in 2017-2018 imply that the events

occurred over a smaller spatial scale.

We hypothesize that the NPF intensity increased unexpectedly with the reduction in SO2 concentrations, as the net
production of NPF seems to be determined mainly by the availability of organic precursors for participating in nucleation
and initial growth. The strong correlation between the FR and NMINP strongly supports this hypothesis, which needs to be
further confirmed by direct observations of molecular organic vapors. A decrease in the percentage of new particles growing
to the CCN size with increasing NPF intensity in 2017-2018 implies the complexity of the growth of new particles with
reduced emissions of anthropogenic precursors. Overall, this study provides unique observational results regarding NPF at a
regional mountain-top site in the NCP from reasonably large datasets. Based on the unique results, we analyzed the possible
causes comprehensively, and proposed new challenges in determining the underlying mechanisms of the contributions of

new particles to ambient particle number loading and CCN population with reduced anthropogenic emissions.
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630 Figure 1: Examples of NPF events in three categories. Black dots in the figures are the fitted Dp.. (a) Category 1 on December 25,
2017, in which Dpgma was 24 nm (<50 nm), and Category 3 on December 24, 2017, in which Dpgue grew to 217 nm (>80 nm); (b)

Category 2 on April 7, 2018, in which Dgmax grew to 55 nm (50-80 nm).
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Figure 2: Occurrence frequencies of NPF events in different categories at Mt. Tai during the seven observation campaigns.
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Figure 6: Relationship between the FR and NMINP in 106 cases of NPF events at Mt. Tai in this study and in urban and marine
655 atmospheres in previous studies (Man et al., 2015; Zhu et al., 2017, 2019; Ma et al., 2020). Black markers can be fitted linearly in
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Table 1. Summary of the seven observation campaigns at Mt. Tai.
Campaign Species Instruments Resolution
PNSD in 10 nm-10 pm WPS, MSP 1000XP 8 min
) SO, O3, NO, and NO, Thermo 43C, 49C, 42C 1 min
Spring 2007 .
3/22-4/24, 2007 PMzs TEOM 1400a 1 min
Water-soluble ions in PM> s URG-AIM 9000B l1h
Summer 2009 PNSD in 10 nm-10 pm WPS, MSP 1000XP 8 min
6/12-6/29,2009 SOz, 03, NO, and NO; Thermo 43C, 49C, 42C 1 min
PNSD in 5 nm—10 um WPS, MSP 1000XP 5 min
SO,, 03, NO, and NO» Thermo 43C, 49C,42i 1 min
Summer 2014 -
Ions in PM; 5, acid, and MARGA, ADI20801 1h
alkaline gases
PNSD in 5 nm—10 um WPS, MSP 1000XP 5 min
S02, O3 Thermo 43C, 49C 1 min
Fall 2014 NO, NO2 API T200U, T500U 1 min
9/21-11/30,2014 PM: s Thermo 5030 SHARP 1 min
Tons in PM..5, acid, and MARGA, ADI20801 1h
alkaline gases
PNSD in 5 nm-10 ym WPS, MSP 1000XP 5 min
S0z, O; Thermo 43C,49C 1 min
Summer 2015 NO, NO, API T200U, T500U 1 min
6/16-7/25,2015 PMos Thermo 5030 SHARP 1 min
Tons in PM..5, acid, and MARGA, ADI20801 1h
alkaline gases
PNSD in 5 nm—10 um WPS, MSP 1000XP 5 min
SO,, O3 Thermo 43C, API1 400U 1 min
Winter 2017 NO, NO2 API T200U, T500U 1 min
11/26-12/30, 2017 PM, s Thermo 5030 SHARP 1 min
Tons in PMzs, acid, and MARGA, ADI20801 1h
alkaline gases
PNSD in 5 nm—10 um WPS, MSP 1000XP 5 min
SO, O3 Thermo 43C, API 400U 1 min
Spring 2018 NO, NO» API T200U, T500U 1 min
3/5-4/8,2018 PM., s Thermo 5030 SHARP 1 min
Tons in PM..s, acid, and MARGA, ADI20801 1h

alkaline gases
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Table 2. Meteorological conditions and air pollutants during the formation and growth periods of new particles in the spring

campaigns in 2007 and 2018.

2007 spring 2018 spring
Parameters . .
Formation Growth Formation Growth
T (°C) 5.8+3.2 7.1+£33 35+5.8 53+59
RH (%) 54 +£22 52+18 45+17 46+ 17
SO: (ppb) 16.7£10.9 20.2+13.0 2.6+1.8 25+1.5
NH; (ppb) 12.6 £18.0 11.2+£17.0 6.5+£9.5 6.6+72
NO2+ O3 (ppb) 63.7+84 70.1+£9.7 61.3£14.0 63.8+£14.3
PMzs (pug m™3) 56.5+33.0 71.1+£49.0 30.3+21.8 29.2+20.4
SO (ug m3) 16.9+11.2 185+9.9 32+24 3.6+2.7
7
Calculated H>S04 (10 8.8+£4.9 9.4+45 22+1.1 24+10
molecules-cm™)
[H2SO4]ave/C (%) 59£23 3618 23+£10 11+7
TVOC (ppb) 7.0+£5.72 16.1£6.5
OC (ug m3) 6.1£3.0 5.5+£2.0°
EC (g m™) 1.8+ 1.6° 1.3+£0.6°¢

670 *(Mao et al., 2009)
®(Wang et al., 2011)
¢(Dong et al., 2020)
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