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Abstract. Aerosol particles play critical roles in climate and human health. However, aerosol composition and
evolution, particularly secondary organic aerosol (SOA), and aerosol interactions with clouds in high-altitude
background areas in China remain less understood. Here, we conducted real-time measurements of submicron
aerosols (PM) using aerosol mass spectrometers at a forested mountain site (1128 m a.s.1.) in southeastern China
in November 2022. The average (+10) PM; mass concentration was 4.3 & 4.8 uyg m—>, which was ubiquitously
lower than that at other mountain sites in China. Organic aerosol (OA) constituted the largest fraction of PM;
(42.9 %) and was predominantly secondary, as indicated by the high oxygen-to-carbon (O / C) ratio (0.85-0.96)
and carbon oxidation state (0.21-0.49). Notably, the remarkably enhanced PM; concentrations observed during
the daytime on cloudless days were identified to be likely to be produced from cloud evaporation. While more
oxidized oxygenated OA was scavenged efficiently during cloud events, cloud evaporation was found to release
a significant amount of less oxidized oxygenated OA from air masses transported from polluted regions. The dis-
tinct decrease in OA / ACO with the increase in O / C during the cloud evaporative period further demonstrates
that OA remaining in cloud droplets is generally in a moderate oxidation state. Moreover, organic nitrates were
also estimated and showed a higher contribution to the total nitrate during the cloudy period (27 %) than during
the evaporative period (3 %). Overall, our results demonstrate the importance of SOA and the influences of cloud
processes in regional mountain areas in southeastern China.
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1 Introduction

Aerosol particles play essential roles in regional and global
climate (Ramanathan et al., 2001; Kanakidou et al., 2005), as
well as in air pollution (Huang et al., 2014) and public health
(Kampa and Castanas, 2008). Submicron aerosol (PM1) from
both natural and anthropogenic sources can be transported to
the upper level of the atmospheric boundary layer or even the
lower free troposphere through convection and frontal uplift
(Huang et al., 2020; Carbone et al., 2014). At high altitudes,
aerosol species can be transported over longer distances, de-
pending on their particle sizes and compositions (Pokorna et
al., 2022; Tang et al., 2016; Zhong et al., 2022), and the ag-
ing processes during transport results in continuous changes
in chemical and physical properties (Calvo et al., 2013; Hal-
lquist et al., 2009). Aerosols can have an important impact on
cloud condensation nuclei (CCN) properties at high altitudes
where atmospheric conditions favor the formation of clouds,
thereby affecting the lifetime and optical properties of clouds
through aerosol-cloud interactions (Haywood and Boucher,
2000; Asmi et al., 2012; Rejano et al., 2021). On the other
hand, aerosol-cloud interactions also modify the chemical
composition of aerosols within cloud droplets. This mod-
ification, in turn, affects the characteristics of surrounding
aerosols after the cloud has evaporated (Roth et al., 2016).
As a result, measurements of high-altitude regional aerosols
are of great importance for a better understanding of aerosol—
cloud interactions and their impacts on air pollution and cli-
mate.

Mountain sites are crucial platforms for studying aerosol
characteristics over regional scales and the influences of di-
verse emission sources (e.g., biomass burning, industrial pro-
cess, and biogenic emissions) and atmospheric processes
(e.g., in-cloud processing and new particle formation). Com-
pared to balloon and aircraft observations, mountain sites
have advantages in continuous and long-term observations
because of low costs, a stable geographic location, and ac-
cessibility for instrument maintenance. In addition, the dif-
ferent meteorological conditions at mountain sites can have
great impacts on aerosol formation, aging, and scavenging
patterns. For example, Gao et al. (2023) showed that cloud
processes can promote the formation of secondary organic
aerosol (SOA) by multiphase oxidation. Li et al. (2013)
found that high relative humidity at Mt. Hua can lead to a re-
duction in particle acidity and can thus reduce the formation
of biogenic SOA by suppressing the acid catalysis reaction.
Chen et al. (2021) reported that fog scavenging was more ef-
ficient for particles with aerodynamic diameters larger than
700 nm in Taiwanese mountain regions, while the majority
of smaller particles remained unscavenged and could grow
into larger particles through gas-to-aqueous partitioning. Al-
though several mountain stations have been established in
China to gain more information on the chemical composition
and sources (Zhang et al., 2014, 2018, 2019; Du et al., 2015),
optical properties (Wang et al., 2015), and hygroscopic prop-
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erties of aerosols (Ding et al., 2021), most of these studies are
conducted on the Qinghai—Tibetan Plateau and in the North
China Plain (NCP), while the studies in southeastern China
remain scarce.

In this work, a high-resolution time-of-flight aerosol mass
spectrometer (AMS hereafter) and a quadruple aerosol chem-
ical speciation monitor (ACSM hereafter) were deployed at
a forested mountain site in southeastern China. The chem-
ical composition and properties of PM; are characterized,
the elemental composition and oxidation state of OA are de-
termined, and the potential transport pathways of PM; are
also investigated using back trajectory analysis. Furthermore,
the effect of cloud processes on aerosol species is discussed.
The sources of organic aerosol are investigated using posi-
tive matrix factorization (PMF) analysis of combined high-
resolution organic and inorganic aerosol mass spectra. Par-
ticularly, particulate organic nitrates (ONs) are determined
and quantified based on PMF results.

2 Methods

2.1 Site and instrumentation

The campaign was carried out from 1 November to
30 November 2022 at Shanghuang Eco-Environmental Ob-
servatory of the Chinese Academy of Sciences (SH), lo-
cated at Mt. Damaojian (28.58°N, 119.51°E; 1128 ma.s.l.)
in Wuyi County, Zhejiang Province (Fig. 1). This site is a typ-
ical background site in southeastern China that is surrounded
by mountains and forests, and there are no strong local an-
thropogenic sources nearby.

PM; species were measured using a suite of real-time in-
struments with 1-20 min time resolution, including an AMS
operated under the V-mode and a quadrupole ACSM for non-
refractory (NR)-PM; composition, together with a seven-
wavelength aethalometer (AE33, Magee Scientific Corp.)
for equivalent black carbon (BC) mass concentration. The
AMS measurements were only conducted during two periods
(15-20 and 24-28 November) in this study due to the mal-
functioning of the instrument. Briefly, ambient aerosol par-
ticles were sampled into an air-conditioned room through a
stainless-steel tube (outside diameter 1/41in.), and the res-
idence time was estimated to be 5s. A Nafion dryer was
placed upstream of the ACSM and AMS to remove the
moisture; after that, aerosol particles were sampled into the
AMS, ACSM, and AE33. Because there was no size cutoff in
front of the sampling line, the AMS and ACSM may report
slightly higher concentrations than expected due to measur-
ing some cloud droplets larger than 2.5 um. According to a
previous study during three fog episodes at a rural site in the
North China Plain, the influence of fog droplets on submi-
cron aerosol measurements was less than 20 % (Kuang et al.,
2024). Simultaneously, air pollutants including NO, and O3
were measured by a suite of gas analyzers (Thermo Scientific
Inc., USA); PM; 5 and PM|o were measured using continu-

https://doi.org/10.5194/acp-24-8473-2024



Z. Zhang et al.: Measurement report: Impact of cloud processes on secondary organic aerosols

Sep—Oct 2013

W11.4:85
28!

10.6%
Mt. Daban
(3295 m a.s.l.

(0}

Mt. Waliguan
(3816 m a.s.l.)

Ay ”

Jul 2017

38.1% 9.1+5.3

5.7+5.4
10.9+7.8

4%

Mar—Apr 2015 2 7%

Mar—Apr 2015

29.0%

€

/31 %

(1534 m a.s.l.)

! s
8.1% Mt. Yulong
(3410 m a.s.l.)
@ ./ i

30 ‘
®/

© Mt. Wuzhi :
(958 ma.s.l.) / B

8475

Jun 2010-Jan 2012 Sigprics
) Sulfate
Spring Summer Nitrat
" " itrate
2 36,
30.3 55.8 Chloride

Black Carbon

14.9% =
Autumn Winter Y —

%

e
-

23
18.1 36.7 W
SHsite =

21.0% g 18.5%‘-/,’ o =% e X

Mt. Tai

6. 7084348
f »14.70 S
O-%" " Nov2022

Mt. Damaojian
(1128 ma.s.l.),

Vi )

Figure 1. Location of the sampling site (Mt. Damaojian). The mean concentration (ug m_3) and chemical composition of submicron aerosols
(NR-PM| + BC) measured at selected mountain sites in China are also shown. Note that BC and chloride are not accounted for at Mt. Tai due
to the lack of measurements. Detailed information on these sampling sites is presented in Table S3 in the Supplement. Publisher’s remark:

please note that the above figure contains disputed territories.

ous ambient particulate monitors, with PM; 5 and PMq be-
ing cut off before the sampling inlet (Model 5014i, Thermo
Scientific., USA); and CO was measured by a Picarro green-
house gas analyzer (G2401, Picarro Inc., USA). Meteorolog-
ical parameters including temperature (7'), relative humid-
ity (RH), wind speed (WS), wind direction (WD), and pres-
sure (P) were measured by an automatic weather station. In
addition, the particle depolarization ratio (PDR) was mea-
sured by a particle monitoring lidar (CAS-EO Co., Ltd) to
analyze the vertical distribution of aerosol particles, and the
hourly boundary layer height (BLH) was obtained from Eu-
ropean Reanalysis 5 (ERAS) reanalysis dataset. More details
and descriptions of the instruments and data are provided in
Table S1.

2.2 Data analysis

2.2.1 ACSM and AMS

ACSM data were analyzed using ACSM standard data anal-
ysis software (v2.5.13), and AMS data were analyzed us-
ing SQUIRREL v1.65F and PIKA v1.25F. A composition-
dependent collection efficiency (CDCE) was applied to
the ACSM and AMS data according to Middlebrook et
al. (2012). Elemental analysis of high-resolution mass spec-
tra (HRMS) was performed using the “Improved-Ambient”
(I-A) method (Canagaratna et al., 2015). The default rela-
tive ionization efficiency (RIE) values of 1.1, 1.4, and 1.3
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were applied for nitrate, organics, and chloride (Nault et al.,
2023). According to the ion efficiency (IE) calibration re-
sults using ammonium sulfate, the RIE values of ammonium
and sulfate were 5.05 and 0.73 for the ACSM and 5.26 and
1.28 for the AMS. Additionally, the detection limits of the
ACSM and AMS for different NR-PM; species are deter-
mined to be 3 times the standard deviation of mass concen-
trations during a period (16-20 November) with low particle
concentration (Table S2). Detailed comparisons of the con-
centrations of NR-PM; species measured by the AMS and
ACSM are shown in Fig. S1. The concentrations of NR-PM;
species measured by the ACSM correlated well with those
measured by the AMS (r? = 0.35-0.97), except for chloride
(r2 =0.18). This is likely due to the low ambient chloride
masses at this background site, which are close to or be-
low the ACSM detection limit. Also, the non-ideal vapor-
ization behavior of chloride in the ACSM may be another
reason. Notably, similar slopes (0.62-0.74) were found for
organics, sulfate, nitrate, and ammonium measured by the
AMS and ACSM, indicating a general overestimation by the
ACSM. The possible systematic bias in IE calibration of the
ACSM using ammonium sulfate could be a potential cause.
Therefore, the ACSM data collected during the sampling
period were scaled to the AMS data using these linear re-
gression slopes. As shown in Figs. S1g and h, after this ad-
justment, the concentrations of NR-PM; tracked well with
PM, 5 (r2 = 0.60 and slope = 0.48 for the ACSM, r2 = 0.93
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and slope =0.54 for the AMS) and PMg (r2=10.53 and
slope =0.27 for the ACSM, r2=0.99 and slope =0.39 for
the AMS) measured by the particle monitor, suggesting that
the AMS and ACSM quantification was reasonable.

The PMF evaluation tool (PET v3.04) was employed to
further deconvolve the HRMS derived from the AMS into
different source factors following the procedures reported
by Ulbrich et al. (2009) and Zhang et al. (2011). In addi-
tion to organic fragment ions, the major fragment ions of in-
organic species — i.e., SOT (m/z 48), SO;r (m/z 64), SO;r
(m/z 80), HSOJ (m/z 81), and HySO; (m/z 98) for sul-
fate; NO™ (m/z 30) and NO;r (m/z 46) for nitrate; NH™
(m/z 15), NHEL (m/z 16), and NH;r (m/z 17) for ammo-
nium; and CI* (m/z 35) and HCI' (m/z 36) for chloride
— were also included in the HR data and error matrices for
PMF. A more detailed description of the procedures was
given in Sun et al. (2012). After checking the key diagnos-
tic plots (Fig. S2), mass spectra, and the correlations with
related tracers, a four-factor solution was considered to be
the optimal solution in this study (Sect. S1).

2.2.2 Estimation of organic nitrates

ONs were estimated from the PMF results (Zhang et al.,
2011; Xu et al., 2015). Briefly, NO} (i.e., NO* and NO;)
are major fragments of nitrate functionality (—ONO3),
which can be referred to as the total nitrate measured by
AMS. Combining inorganic with organic mass spectra in
PMF, NO™ and NO;r can be separated into different or-
ganic aerosol (OA) factors and an inorganic nitrate aerosol
(INA) factor. According to previous studies, the ratios of
NO*/ NO;r for ONs are approximately 2.25-3.7 times
higher than pure NH4NO3 (Fry et al., 2009, 2013). Consis-
tently, the PMF results in our study (Fig. 6) show that the
average NOT / NO;‘ ratios of less oxidized oxygenated OA
(LO-O0A) and more oxidized oxygenated OA MO-OOA
were 13.19 and 11.2, falling within the range of ONs. In con-
trast, a NO™ /NO;r ratio of 3.56 was observed for INA, re-
flecting the characteristics of inorganic nitrates. Therefore,
the PMF analysis of nitrate is reasonable, and, based on this
result, the mass concentration of ONs (NO3 o) can be cal-
culated by summing these two ion signals distributed in all
OA factors as follows:

NO3’Org = NOSLfg + NOZorg’ (1)
NOJ, = Z([OAfaotor]i x fno+.i)s ?)
NOJ . = Y _([OAfactor]; x fxot ) 3)

where [OA factor]; represents the mass concentration of the
OA factor i resolved by PMF, and fyg+ ; and fNO;i are the

mass fractions of NO* and NO;|r in the OA factor i, respec-
tively.
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2.2.3 Backward trajectory analysis

The Hybrid Single-Particle Lagrangian Integrated Trajecto-
ries (HYSPLIT) model and meteorological data from the
NOAA Global Data Assimilation System (GDAS) were used
to calculate 72h backward trajectories at the SH site. The
trajectory arrival time was set to be from 00:00 to 23:00
(UTC+8) at 1h intervals, and the arrival height at the site
was set to be 1100m. To further show the aerosol parti-
cle concentration levels in different regions, the map con-
taining the back trajectory (Fig. S7) was colored accord-
ing to the time-averaged organic carbon surface mass con-
centration from the M2TINXAER v5.12.4 dataset (0.5 x
0.625°, hourly). This dataset, part of the Modern-Era Ret-
rospective analysis for Research and Applications version 2
(MERRA-2) model (Gelaro et al., 2017), was sourced from
the NASA Giovanni website (https://giovanni.gsfc.nasa.gov,
last access: 23 July 2024).

3 Results and discussion

3.1 Mass concentration and chemical composition of
submicron aerosols

Figure 2 shows the time series of meteorological param-
eters (T, RH, WD, and WS) and air pollutants (PMj s
and CO), along with PM; (NR-PM; + BC) species, during
the campaign. The total PM; concentration varied dynami-
cally from 0.3 pgm™ to 39.8 pygm~> during the whole sam-
pling period, with an average (£10) of 4.3 £4.8 ugm™3. As
shown in Fig. 1, organics accounted for the largest contri-
bution (42.9 %) to the total PM; during the sampling pe-
riod, followed by sulfate (16.7 %), ammonium (15.0 %), ni-
trate (14.7 %), BC (10.2 %), and chloride (0.5 %). In addi-
tion, BC was observed to correlate well with PM; and PMj 5
(r?> =0.59 and 0.62, respectively), suggesting the potential
influences of regional biomass burning plumes in the Yangtze
River Delta (YRD) on aerosol particles at this site (Zhang et
al., 2015). The concentration and composition of PM; are
quite different from those observed at other Chinese moun-
tain sites in different seasons (Fig. 1). For example, the av-
erage PM; concentration here was much lower compared to
at Mt. Wuzhi (10.9 +7.8ugm™3) at a similar altitude and
was also slightly lower than that at higher-altitude moun-
tains such as Mt. Yulong (5.745.4 ug m—3) and Mt. Waliguan
(9.145.3 ugm™3). Although PM| concentration has a strong
seasonal dependence, such as in Mt. Tai, with a low concen-
tration in autumn (18.1 ugm™3) and a high concentration in
summer (33.5 ug m~3), the average PM| concentration at our
site was still much lower than at Mt. Daban (11.4 ugm™3)
and Mt. Tai in the same season (autumn). Considering the oc-
currence of frequent cloud events during the sampling period,
the low PM concentration might be mainly associated with
cloud scavenging, which will be further validated in subse-
quent sections. Notably, a relatively lower contribution of
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https://giovanni.gsfc.nasa.gov

Z. Zhang et al.: Measurement report: Impact of cloud processes on secondary organic aerosols

P1 EP2 EP3

——

8477

C1 EP4 EP5

T (°C)

WD (°)

-3

PM,5 (Mg m )

20— (d) org NO; SO, Chl BC

Mass conc. (ug m*)

Frac. of total mass

11/16 11/21 11/26
Date & Time

Figure 2. Time series of (a) 7 and RH, (b) WD colored according to WS, (¢) mass concentration of PM, 5 and mixing ratio of CO, (d)
mass concentrations of NR-PM; species measured by ACSM together with BC measured by AE33, and (e, f) mass concentrations and
contributions of NR-PM species measured by the AMS. The yellow- and purple-shaded areas represent six selected episodes (EP1-EP5 and

C1, respectively).

sulfate to PM; was observed (16.7 %) at this site compared
to at other mountain sites, except for Mt. Yulong (23.7 %—
38.1 %), which is likely to be attributable to the significant
reduction in SO, emissions in China over the past decade
(Wen et al., 2023). The decrease in sulfate contribution was
associated with an elevation of nitrate contribution. This shift
suggests that most NH4 will probably be in the form of am-
monium nitrate, which is more volatile than ammonium sul-
fate and is thus unlikely to transport over a large scale. Addi-
tionally, at Mt. Tai, even though the contributions of sulfate
were high, nitrate still accounted for considerable fractions
(14.9 %-29.0 %) that were comparable to or higher than this
site (20.9 %). Taken together, PM; at this site is more likely
to be influenced by anthropogenic emissions over a smaller
regional scale, consistently with the high urban density in
eastern China (Li et al., 2018).

Figure S3a shows the relative contribution of each PM;
component as a function of PM; concentration. The frac-
tion of nitrate increased significantly with PM; concentra-
tion; meanwhile, the fraction of organics and BC exhibited
a decreasing trend. We noted that a nitrate-dominant peak of
PM; mass loading was observed during the nighttime of 4
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November (EP1, Fig. 2d), and the concentrations of organ-
ics and nitrate as a function of PM; mass during this event
and during the rest of the campaign are shown in Fig. S4.
Almost all the data points with PM; concentrations above
20 ug m—3 were from this event. During EP1, a steeper slope
for nitrate relative to PM; was found compared to that for
organics, which was contrary to slopes found during the rest
period, resulting in significant contributions of nitrate to PM;
across all PM| concentrations (Figs. S3b and S4). These dis-
tinct differences in slopes for nitrate and organics implied
different mechanisms of PM; elevation during these two pe-
riods. Consequently, we also excluded EP1 from the statis-
tics of Fig. S3a, and the result is presented in Fig. S3c. Af-
ter removing EP1, organics became the dominant contributor
(>40 %) across all PM; concentrations. Despite this, there
was still an increasing trend for nitrate and a decreasing trend
for sulfate, along with increased PM, yet the contribution of
ammonium remained relatively constant. This further sup-
ported our previous hypothesis that there was a conversion
of ammonium sulfate to ammonium nitrate with the increase
in PM; concentration. Overall, these results suggested that
high levels of PM; at the SH site might be mainly attributed

Atmos. Chem. Phys., 24, 8473-8488, 2024
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to the formation or transport of organics; meanwhile, nitrate
also plays a non-negligible role.

The diurnal cycles of PM; species, air pollutants, and me-
teorological parameters during the entire campaign are illus-
trated in Fig. S5. The mean and median values of organics
and nitrate both showed distinct noon peaks at around 14:00,
which could be attributed to the daytime photochemical pro-
duction and the low wind speed (Tang et al., 2022; Xu et
al., 2018b). In addition, as depicted in Fig. S6, these noon
peaks coincided closely with the diurnal variation in BLH
(reaching up to ~ 1450 m at around 13:00). Consequently,
the relatively elevated concentrations of organics and nitrate
at noon might also be related to the development of the at-
mospheric boundary layer, which facilitates the mixing of air
masses transported from polluted areas. The high nighttime
peak of nitrate was mainly due to the influences of the nitrate
event on 4 November. Comparatively, sulfate, chloride, and
BC showed relatively flat diurnal variations, suggesting the
regional characteristics of these species (Zhang et al., 2015).

3.2 Meteorological conditions and air mass origin

The entire study period was characterized by five elevated
PM; episodes (EP1-EP5), as marked in Fig. 2. These five
elevated PM; episodes exhibited mean PM; concentrations
ranging from 5.2 to 9.8 uygm™3; these values were close to
or exceeded the 75th percentile of the overall PM; concen-
tration distribution (5.6 ug m—3). Meanwhile, a clean period
(C1) with a mean PM; concentration of 1.3 ugm™, falling
below the 25th percentile of the distribution (1.6ugm™3),
was also selected for comparison. The relationship between
the PM; species concentration, meteorology, and air mass
transport during these six periods is shown in Figs. 3 and
S7. EP1 exhibited a nitrate-dominant PM; peak, with nitrate
concentration rapidly increasing by ~ 18 ugm™3 within 1h.
In addition, a CO peak was also observed at that time, sug-
gesting potential contributions of pollution transport to ni-
trate. Given the lack of anthropogenic activities near the sam-
pling site, the enhanced nitrate concentrations likely orig-
inated from NO, transported from adjacent towns in the
northeast, as indicated by the non-parametric wind (NWR)
regression polar plot for nitrate (Fig. S8), showing high lev-
els of nitrate mainly associated with northeastern wind di-
rections. This was further supported by the back trajectory
analysis, in which air masses on 4 November were also from
the northeast. Moreover, the RH was stable at 100 % during
EP1, which could favor the heterogenous uptake of N»Os and
subsequent nitrate formation in the aqueous phase at night
(Brown et al., 2006; Li et al., 2020).

In contrast to EP1, PM; in other episodes (EP2-5) was
dominated by organics. EP2 was associated with low con-
centrations of CO, indicating relatively slight pollution trans-
port influence. In addition, clear and similar diurnal variation
patterns were found in aerosol species and RH, suggesting
that PM in this period was mainly affected by the evolution
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of the atmospheric boundary layer. EP3 was initiated by an
organic-only increase under high temperatures (~ 15-25° C)
and low RH (~ 40 %—80 %), while other aerosol species re-
mained at very low levels. Considering the low CO levels in
this period, the increasing trend of OA could be attributed to
the local biogenic emissions. The concentrations of organics,
together with other PM; species and CO, were further ele-
vated after air mass sources shifted from southwest to north-
west on 13 November, which may bring a large amount of
aerosols from megacities such as Zhengzhou and Hangzhou
to the SH site (Fig. S7c¢). EP4 and EP5 were two similar
episodes, where PM concentrations were generally associ-
ated with the changes in RH and WD. During these two peri-
ods, air masses both originated from the west and southwest,
but the trajectory distances during EP5 were shorter, suggest-
ing that the air masses transported more slowly in EP5.

Overall, although these episodes had different mecha-
nisms of PM; variation, they were mostly influenced by the
transport of western and southwestern air masses, indicat-
ing a substantial impact of anthropogenic emissions from big
cities like Nanchang and Fuzhou. These areas are marked by
higher pollution according to the organic carbon distribution
in Fig. S7. However, we have also identified similar trans-
port pathways and even higher CO concentrations during C1
(0.37 ppm on average) than during EP2-5 (0.18-0.31 ppm on
average), while the PM; concentration stayed at very low lev-
els for the whole period. It is worth noting that PM; peaks in
EP2, EP4, and EPS5 all occurred along with RH below 100 %.
When the RH returned to 100 %, PM; concentrations gradu-
ally diminished to levels comparable to those observed dur-
ing the clean period (C1). Furthermore, as shown in Fig. S9,
after omitting EP1 and EP3 to exclude the effect of air mass
change, there were notable reductions in the mean and me-
dian mass concentrations of all PM; species over the cam-
paign, ranging between 15.5 %—63.4 % and 6.8 %—61.0 %
when RH reached 100 % following conditions of lower RH.
Considering the frequently occurring cloud events at this site,
it was most likely that these variations in RH were affected
by the cloud process, which may further play an important
role in PM; concentrations.

Figure S10 shows the particle depolarization ratio mea-
sured by the particle lidar during EP5 and C1. During EPS,
clouds were identified at ~ 1km above the sampling site
from 02:00 to 12:00 on 26 November (Fig. S10a). As ex-
pected, these clouds gradually disappeared afterward, possi-
bly owing to strong solar radiation at noon on the mountain-
top causing cloud droplet evaporation. Meanwhile, a large
number of aerosol particles (PDR =~ 0.15) were released
from the clouds, which exhibited a strong agreement with the
timing of the PM; peak. These particles were then removed
by the strong winds (WS >4ms~!) that dispersed the en-
tire air mass. This cloud evaporation phenomenon was also
found in urban Guangzhou, which caused a remarkably en-
hanced nitrate mass concentration at noon (Tao et al., 2018).
In contrast, no such evaporation process was observed dur-
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Figure 3. Temporal variations in the concentrations of PM; species measured by the ACSM, as well as CO (gray lines), RH (purple lines),

and WD and WS (black arrows) during six events.

ing C1 (Fig. S10b). Instead, high PDR values were generally
found at around Okm, which means that clouds constantly
existed near the sampling area during this period, coinciding
with the constant 100 % RH. Therefore, PM; transported to
this site was likely to be scavenged by the cloud during CI1.
These findings were also evidenced by the photos taken at
this site at ~ 15:00 LT on 19 and 26 November, where severe
cloud cover was observed in C1 (Fig. S11a), yet the weather
was generally sunny and cloudless in EP5 (Fig. S11b). As
a result, besides regional transport, cloud processes can also
have significant impacts on aerosol particles at this site.
However, we also observed several phenomena during the
sampling period that cannot be conclusively explained by
the current data. First, it should be noted that there was a
difference in cloud height between C1 (~ Okm) and EP5
(~ 1km, before evaporation), indicating that aerosol parti-
cles were sampled within and below the cloud during C1
and EPS5, respectively. With no cloud evaporation occurring
during C1 with low-level clouds, this raises the question of
how evaporation processes are affected by cloud height. Tao
et al. (2018) found that cloud evaporation could occur at
500-1000 m above the ground, and the released aerosols can
be transported to low levels through strong turbulent mix-
ing. This finding agrees with our observation during EPS,
where the development of the boundary layer likely pro-
moted the vertical transport of released aerosols to this site
(Fig. S12). In contrast, during C1, the thick cloud layer
hindered solar radiation, leading to generally lower bound-
ary layer heights. These clouds might be identified as oro-
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graphic clouds formed by the moist air masses lifted and
saturated under the influence of complex mountain terrain
(Houze, 2012). If the solar radiation and other environmen-
tal conditions are sufficient to evaporate the cloud at this
site, the boundary layer would also develop correspondingly,
enhancing the vertical mixing of released aerosols during
the daytime. Therefore, we hypothesized that clouds with
heights lower than the developed boundary layer heights (up
to ~ 2km, Fig. S12) may all show the probability of evapo-
rating and increasing the observed aerosol mass at this site.
Second, as discussed in Sect. 2.1, the sampling uncertain-
ties caused by cloud droplets accounted for up to 20 % in
our study; yet, significantly more aerosol particles were ob-
served to be released after the evaporation of the cloud above
this site during EP5. This was likely to be attributable to the
polluted air mass transported and entering the cloud at higher
altitudes. In contrast, at altitudes near the sampling inlet, the
continuous uplift of clean moist air masses from lower eleva-
tions might be unfavorable for aerosol accumulation. More-
over, the evaporation itself could also trigger some aque-
ous SOA formation processes such as oligomerization (Lim
et al., 2010; Brégonzio-Rozier et al., 2016), thereby con-
tributing additional aerosol mass within the cloud droplets.
Third, these selected periods were all under the influence
of anthropogenic-emission-related air masses, while the fact
of whether or not the evaporation of a clean air mass cloud
can impact the aerosol concentrations at this site remains un-
known. However, we noticed a period (from 10 to 12 Novem-
ber) that seemed to contain a cloud evaporation process, as
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indicated by the suddenly reduced RH (from 100 % to 70 %)
during the daytime on 11 November, but still exhibited rela-
tively low PM; levels (2.6 ug m~3 on average). The back tra-
jectory analysis further showed that the air mass during this
period originated from the sea, which was less influenced by
anthropogenic emissions. As a result, it is likely that a small
number of aerosols can also be released even if a clean air
mass enters the cloud and evaporates. Despite these issues
that need to be addressed through future long-term measure-
ments and model studies, the cloud evaporation phenomenon
we observed might still be a plausible mechanism to explain
certain aerosol episodes in this and other similar regions.

3.3 Impacts of cloud processes on submicron aerosols

To further explore the impacts of cloud scavenging and cloud
evaporation on aerosol characteristics, we selected C1 and
EP5, during which NR-PM; was also measured by the AMS,
for additional investigations regarding aerosol size distribu-
tions, elemental ratios, and HRMS in this section.

3.3.1 Size distributions and composition

The average chemically resolved size distributions of NR-
PM; during C1 and EP5 are shown in Fig. 4. Generally,
all species were distributed in accumulation mode in both
periods. However, a smaller peak size (300-500nm) and
a broader size distribution were observed during C1 when
compared to those of EP5 (~ 700 nm), probably owing to
the wet removal of larger and more hygroscopic particles in
Cl1 (Ge et al., 2012). Also, the complex and broad size dis-
tribution observed in C1 suggests that the aerosol is likely
to be externally mixed with small particles dominated by or-
ganics, which may further imply the potential formation of
SOA from local biogenic sources. In contrast, the uniform
size distribution across all particulate species in EP5 indi-
cates their well-mixed and highly aged characteristics. More-
over, ammonium showed similar size distributions with sul-
fate and nitrate during EPS, while in C1, it was mixed mainly
with sulfate and exhibited a rather different size distribution
with nitrate, indicating the potential contribution of organic
nitrate.

Clear differences were also found in aerosol composition
during C1 and EPS5. Organics were the dominant contributor
to total NR-PM| mass during C1 (68 %), followed by nitrate
(12 %), ammonium (11 %), and sulfate (8 %). In contrast, de-
spite the decreased contribution of organics (51 %), the mass
fractions of sulfate and nitrate increased considerably dur-
ing EP5 (by 9.4 % and 7.0 %, respectively). These changes
in the mass fraction of species were attributed to the lower
mass scavenging efficiency of organics compared to inor-
ganic species (Gilardoni et al., 2014). The average HRMS
values of OA during C1 and EPS5 are presented in Fig. S14.
The HRMS values of OA were quite similar for the two pe-
riods, with a significant peak at m/z 44 (mainly for CO;).
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Figure 4. Averaged size distributions and chemical composition of
NR-PM during (a) C1 and (b) EP5.

The OA was highly oxidized, with C,H, Ol+ dominating the
total OA during C1 and EPS5 by 41 % and 40 %, followed by
CXH;r (31 % and 32 %) and C,(HyOEr (20 % and 19 %). The
contributions of the two major oxygen-containing ion frag-
ments (CxHyOfr and CxHyO;r) at the SH site were much
higher than those at various urban or suburban sites in China,
e.g., 37.4 % in urban Nanjing (Wang et al., 2016) and 52.9 %
in suburban Lanzhou (Tang et al., 2022). Note that a higher
fraction of CO;‘ (3 % higher) was found during C1 than dur-
ing EP5 (Fig. S14c), indicating a higher oxidation degree of
OA in C1 (Xu et al., 2014). This is consistent with the higher
O/ C and carbon oxidation state (OSc) during C1 (0.96 and
0.49) than during EP5 (0.85 and 0.21).

3.3.2 Elemental ratios

Figure 5 shows the time series of N/C, H/C, OM /OC,
O/ C, and carbon oxidation state (OSc) of OA, as well as
two ion ratios at the SH site. The hourly averaged ratios
were only reported for periods with OA concentrations above
0.7 ugm™3. The average N/C ratios were 0.018 for C1 and
0.027 for EP5, which is consistent with the higher fraction of
C)(HyN;,r in OA during EP5. OA had a slightly lower H/ C
ratio (1.44 vs. 1.48) and higher average ratios of O / C (0.96
vs. 0.85), OM / OC (2.42 vs. 2.29), and OSc (0.49 vs. 0.21)
during CI1 than during EPS, indicating more oxidized OA
during C1. The O / C ratios were, overall, within the range of
0.94 £ 0.18 at regional background sites (Zhou et al., 2020);
yet, these were much higher than those observed at urban and
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Figure 5. Time series of 1 h averaged (a) N/C and H/C; (b) OM/OC, OSc, and O/ C; and (c) NOT /NOJ and CH3S05 / CH,SO
at the AMS sampling site (left) and their mean values during C1 and EP5 (right). Only ratios determined to have good S / N (i.e., organics
>0.7 pg m™3 ) are shown. The horizontal dashed black and blue lines in the bottom-right plot represent the CHz SO;’ / CHZSO;' value for

pure MSA (2.9) and the NOT / NO;’ value for pure NH4NO3 (3.88), respectively.

suburban sites. These results suggest that OA at the SH site
was relatively aged.

The ratio of fragment ions NOT (m/z30) to NO;r
(m/z 46) is a good indicator for identifying the presence of
ONs (Farmer et al., 2010; Lin et al., 2021). The mean ratio of
NO*/ NO;F during C1 was 4.9, which exceeds the value of
3.88 for pure ammonium nitrate (NH4NO3) obtained from
the AMS IE calibration, indicating a potential contribution
of ONs. Conversely, the mean NO™ / N02+ during EP5 (3.9)
was almost identical to that of NH4NO3, implying the domi-
nance of inorganic nitrates (INs). Additionally, the CHZSO;r
(m/z79) and CHgsog(m/z 80) ions were used as signa-
ture fragments of methanesulfonate, a typical organic sul-
fur species generated in marine and remote coastal regions
(Chen et al., 2019). However, the mean ratios of CH3$O;r
and CstO;r during C1 and EP5 (0.98 and 1.99, respec-
tively) were lower than the value of 2.9 reported in previ-
ous studies for methanesulfonic acid (MSA), indicating the
minimal contribution of MSA (Song et al., 2019). The low
contributions of MSA further suggest that aerosols over this
region are likely to have negligible oceanic influences. This
is also consistent with the back trajectory results in Sect. 3.2,
which demonstrate that PM levels at this site are dominantly
influenced by continental sources in the west and southwest.

3.4 Source apportionment of OA and contribution of
organic nitrates

Four factors were resolved by PMF, including three types
of SOA and one inorganic factor: less oxidized oxygenated
OA (LO-O0A), more oxidized oxygenated OA (MO-OOA),
OA associated with sulfate ions (SO4-OA), and inorganic ni-
trate aerosol (INA). Together, on average, these four factors
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accounted for 87.5 % of the total NR-PM; mass. The mass
spectra profiles and OA ion family composition of the four
factors are shown in Figs. 6 and 7.

LO-O0A and MO-OOA were identified by prominent
peaks of CO™ and CO;r in the mass spectra. LO-OOA had
a high fraction of C;H30™" (m/z 43, 6.8 % of the total sig-
nal), while MO-OOA, corresponding to more oxidized and
aged components, had a higher abundance of CO;r (17.6 %
vs. 12.8 %), CxHyO;r (23 % vs. 19 %), and O / C ratios (1.09
vs. 0.76) than LO-OOA. The average O/ C ratios of these
two OOA factors are similar to those at Mt. Bachelor Obser-
vatory, where the O / C ratios of SV-OOA and LV-OOA were
0.67 and 1.17, respectively (Zhou et al., 2019). LO-OOA cor-
relate well with NO3 (r2 =0.74), coinciding with its sec-
ondary nature. However, unlike in numerous previous stud-
ies, there was a limited correlation between MO-OOA and
sulfate (r% = 0.32) during the sampling period. Instead, MO-
OOA exhibited a moderate correlation with BC (r2 = 0.52).
This correlation between OOA and BC was also observed at
a mountain site in southern China (Zhu et al., 2016), sug-
gesting common air masses for MO-OOA and BC, such as
biomass burning. Given that biomass burning plays an im-
portant role in aerosol composition in southeastern China
(Fang et al., 2023; Liang et al., 2020), it is plausible that MO-
OOA may have coated or mixed with BC particles emitted
from biomass burning, undergoing extensive aging processes
during long-range transport. Overall, the LO-OOA and MO-
OOA components account for 39.1 % and 29.4 % of the total
measured OA mass, respectively (Fig. S15). The mass spec-
tra of the SO4-OA factor had a large amount of NH; and
SO}, together accounting for 48.5 % of the total mass of this
factor. Meanwhile, organic components also made up a con-
siderable fraction, contributing, on average, 51 %. It is also
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Figure 7. Mass fractional composition of OA ion families for the
four resolved PMF factors.

noticed that the O / C ratio of the organic fraction of this fac-
tor is 0.98, which was even higher than LO-OOA and com-
parable to MO-OOA, suggesting that this factor experienced
aging processes during the regional transport. As expected,
no primary OA factor (e.g., hydrocarbon-like OA, biomass
burning OA, etc.) was resolved during this study due to the
negligible influences of local emissions, which was consis-
tent with the PMF results from other background sites (Zhou
et al., 2019; Zhu et al., 2016).

An inorganic nitrate aerosol factor was also separated from
these OA factors, with nitrates in this factor accounting for
92.6 % of the total NO ions. Apart from INA, NO ions

Atmos. Chem. Phys., 24, 8473-8488, 2024
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Figure 8. Time series and relative contributions of inorganic nitrate
and organic nitrate during the AMS sampling period.

were more assigned in MO-OOA (6.0 % of the total NO;‘)
than in LO-OOA (1.4 % of the total NOY), suggesting that
ONs were more associated with MO-OOA. This is contrary
to other studies, which reported that ONs were more corre-
lated with less oxidized OA (Zhang et al., 2016; Yu et al.,
2019). MO-OOA also correlated moderately with BC; one
possible reason for this was that ONs formed and mixed with
MO-OOA components during the aqueous aging processes
of MO-OOA-coated BC particles. This hypothesis is sup-
ported by Cao et al. (2022), who demonstrated that ONs ex-
hibit similar volatility to MO-OOA when coating BC. Based
on the PMF results above, the mass concentrations of ONs
during the AMS sampling period were estimated (Fig. 8).
Considering ONs to be part of organics, we chose an RIE
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value of 1.4 for the estimated ONs, while a nitrate RIE value
(1.1) was correspondingly applied for INs. The average mass
concentration of ONs during C1 was 30 +22ngm~3, which
was lower than that during EP5 (40 423 ng m—), which can
also be explained by the evaporative release of ONs dur-
ing EP5. However, considering the slightly elevated values
(10ngm~3) between these two periods, we cannot rule out
the possible formation of ON from aqueous-phase processes
(Xian et al., 2023) and gas-phase reactions initiated by NO3
during the nighttime (Ayres et al., 2015). Also, the low lev-
els of ON might cause uncertainties in the estimation. Since
ONss at this site were close to the value (40 ng m™—>) reported
by Hao et al. (2014) for a forest—urban mixed site in Finland,
we considered our quantification of ONs to be reasonable.
However, significant differences were observed between the
IN mass concentrations during C1 and EP5 (0.08 pgm™3
vs.1.47 ugm™3). This could be attributed to the fact that
water-soluble HNO3 and/or NH4NO3; were scavenged by
cloud droplets and removed by precipitation before trans-
portation to this site during C1; on the other hand, during
EP5, these INs dominated the elevation of total nitrate dur-
ing cloud evaporation. These differences in INs also led to
a greater contribution of ONs to total nitrate during C1 than
during EP5 (27 % vs. 3 %).

3.5 Evolution of OA

The formation and evolution of OA can be investigated us-
ing the ratio of OA to ACO (CO minus background CO)
to remove the atmospheric dilution effects (DeCarlo et al.,
2010). In this study, 0.12 ppm (average of the lowest 5 %
concentration) was used as the background mixing ratio of
CO (Fig. S16), which is close to the 0.1 ppm used in Hu
et al. (2013) and in Yuan et al. (2013). OA / ACO was
28.3+26.3ugm™3 ppm~! during the study period, which
is comparable to the value (41.7 &23.0 ugm =3 ppm~!) ob-
served in the suburban Sichuan Basin (Hu et al., 2016) but
is much lower than the mean value (70 20 ugm~> ppm~")
in worldwide urban air (De Gouw and Jimenez, 2009). The
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scatter plot of O / C as a function of OA / ACO values during
C1 and EPS5 is shown in Fig. 9a. Interestingly, different O / C
trends were found with the increasing OA / ACO during C1
and EPS5. During C1, O/ C tended to increase with the in-
crease in the OA / ACO value, indicating that the aging pro-
cess produced SOA (Hu et al., 2017). In contrast, a remark-
able decreasing trend in O / C was observed with the increas-
ing OA / ACO during EP5, suggesting that less oxidized OA
may contribute more significantly to the high OA concen-
tration during this period. Moreover, considering the cloud
evaporation process in this period (as discussed in Sect. 3.2),
the negative correlation between OA / ACO and O/C in
EPS5 also implies that the less oxidized OA previously formed
or incorporated into cloud droplets can be released during
cloud evaporation. Another possible mechanism was that, af-
ter the cloud was evaporated, SOA formation from biogenic
volatile organic compounds (VOCs) could then be strength-
ened by stronger solar radiation, which may also contribute
to the increase in less oxidized OA. Conversely, more oxi-
dized OA in cloud droplets may have undergone further frag-
mentation reactions that decrease the carbon content of parti-
cles, resulting in their mass loss (Kroll et al., 2009; Lee et al.,
2012). This made MO-OOA much less likely to be released
through cloud evaporation. Similarly, significant increases in
the LO-OOA concentration (0.27 to 1.70 ugm~3) and frac-
tion (40 % to 70 %) were observed from C1 to EP5, while the
MO-OO0A concentration (0.40 vs. 0.74 ug m~3) did not show
large variations (Fig. 9b), further supporting our conclusion.

Figure 10a shows the van Krevelen diagrams of OA in this
study. The slope of H/ C to O/ C in the present study was
—0.66 (r> = 0.64). Despite potential variations in the relative
contributions of different types of OAs transported to this
site, this slope still suggests the addition of carboxyl func-
tional groups during OA evolution to some extent (Heald et
al., 2010). This slope is slightly flatter than those (—0.7 to
—1.0) of other remote and/or rural regions across the world
(Chen et al., 2015), indicating that the oxidation processes of
OA at this site were more associated with fragmentation re-
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Figure 10. (a) Van Krevelen diagram (H/C vs. O /C) and (b) f43 vs. f44 of OA (gray circles, hourly averaged) and four aerosol factors

identified by the PMF analyses during the AMS sampling period.

actions. Consistent evolution trends are also shown in the f43
vs. f44 space (Fig. 10b). The SO4-OA and MO-OOA showed
similar high oxidation degrees, with f43 and f44 being located
at the upper part of the triangular region because of the larger
fractional contribution of CO;‘ in the organic mass spectrum.
The LO-OOA was situated in the middle region of the trian-
gle, while INA resided near the bottom right. Moreover, the
mass spectra of LO-OOA and MO-OOA resemble those of
the aged OAs observed at other elevated sites (Fig. S17) (Xu
et al., 2018a; Zhou et al., 2019). Together, these results re-
veal that OA observed at the SH site is representative of the
background-aged SOA in the YRD region in China.

4 Conclusions

The chemical composition and sources of PM; at a forested
mountain site in southeastern China in November 2022 were
characterized by two different aerosol mass spectrometers.
Overall, the average mass concentration of total PM; (4.3 £
4.8 ugm~3) was lower than that at other mountain sites in
China; yet, it was similarly dominated by organics (41.1 %).
Remarkably, sulfate exhibited lower contributions (16.7 %)
to PM| compared to at other mountain sites, which is in con-
trast to the higher contributions of nitrate (14.7 %), indicat-
ing the influences of anthropogenic emissions over a rela-
tively small regional scale in southeastern China. Back tra-
jectory analysis revealed that higher concentrations of sub-
micron aerosols at this mountain site were associated with
the transport from the western and southwestern regions. OA
was dominantly secondary and highly aged, as suggested
by the high O /C (0.85-0.96) and OSc (0.21-0.49) ratios.
PMF analysis of combined organic and inorganic spectra
identified two types of OOA and an OA factor associated
with SO4. Most importantly, we found that cloud scaveng-
ing and evaporation processes influence LO-OOA and MO-
OOA differently. The cloud scavenging showed a greater ef-
ficiency in removing MO-OOA, consistently with the smaller
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size distributions of interstitial particles during cloud events.
In contrast, the evaporation of clouds tended to release a
large amount of LO-OOA, highlighting that the SOA remain-
ing in cloud droplets was mostly in a moderate oxidation
state. Overall, this study illustrates the importance of SOA in
forested mountain sites in southeastern China, where aerosol
concentrations, composition, size distributions, and oxida-
tion state are affected substantially by aerosol—cloud inter-
actions. Moreover, our study provides valuable data and in-
sights into the aerosol—cloud interactions in mountainous ar-
eas that often experience cloudy conditions; considering this,
cloud evaporation can be considered to be a plausible mech-
anism to explain certain aerosol episodes in these regions.
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