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• Under different levels of pollutions, par-
ticle matter (PM2.5) and number (CN)
and CCN almost showed an opposite
trend to aerosol activity (CCN/CN).

• Aerosol activity (CCN/CN) did not con-
tinue to rise with increasing soluble
components and PM2.5 levels.

• Different dominated heterogeneous
reactions contributed to the changes
of aerosol particles both in size and
compositions directly modify the aero-
sol activity (CCN/CN).

• The hygroscopicity of particlewas even-
tually modified by different PM forma-
tion mechanisms both in summer and
winter.
⁎ Corresponding authors.
⁎⁎ Correspondence to: T. Cheng, Shanghai Key Laborator
Atmospheric Sciences, Fudan University, Shanghai 200433

E-mail addresses: limei2007@163.com, (M. Li), ttchen

https://doi.org/10.1016/j.scitotenv.2018.06.053
0048-9697/© 2018 Published by Elsevier B.V.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 23 April 2018
Received in revised form 5 June 2018
Accepted 5 June 2018
Available online 19 June 2018

Editor: P. Kassomenos
Atmospheric pollutions have an important impact on aerosol, condensation nuclei (CN) and cloud condensation
nuclei (CCN) loadings near the ground through disturbing particle size, number, chemical composition and reac-
tions, mixing state, hygroscopicity, and so on. Aerosols and CCNweremeasured in urban Guangzhou during pol-
lution and post-rain periods to examine effects of particulate pollutants on aerosol CCN activity and compare
their mechanisms between summer and winter. In contrast with different levels of pollutions, particle matter
(PM2.5) and number (CN) and CCN almost showed an opposite trend to aerosol activity (CCN/CN). In summer,
new particle formation (NPF) events triggered by photochemical reactions (e.g. O3) always occurred in no-
pollution daytime, and increased significantly CN and CCN as a dominant contributor to secondary aerosols.
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Under pollution conditions, the gas-to-particle transition driven by photochemical reactions guided the forma-
tion and aging processes of particles in daytime, especially in changing soluble species, whereas atmospheric ox-
idation and heterogeneous reactions dominated at night. In winter, stagnant weather conditions, high pollutant
levels and relatively high RH were in favor of particle growing and aging through enhancing secondary particle
formation and heterogeneous reactions. The wet scavenging of precipitation reduced greatly CCN amount by
scouring pre-existing particles in winter, and during post-rain period the photochemical reactions did not pro-
mote the burst of secondary particle formation in the absence of ozone, compared with summer. The results
may provide insights into the relationship between aerosol moisture absorption and pollution thatmay be useful
for improving air quality.

© 2018 Published by Elsevier B.V.
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1. Introduction

Aerosol is an important component of the atmosphere that can affect
the global climate system through direct and indirect effects, and impact
air quality by reducing atmospheric visibility and forming pollution in the
boundary layer (IPCC, 2013). Many studies have emphasized the signifi-
cant role of cloud condensation nuclei (CCN) in cloud and precipitation
(PR) formation, and have also stressed their sources, compositions,
and evolutionary and scavenging processes (Yum et al., 2005; Rose
et al., 2008; Andreae and Rosenfeld, 2008; Seinfeld and Pandis, 2006;
Rosenfeld et al., 2008; Khain, 2009; Liu et al., 2011; Yuan et al., 2017).

In general, aerosols are emitted from primary sources and produced
by secondary formation through transformation of precursor gases to
solid particles (Fu and Chen, 2017). The physical and chemical proper-
ties of particles are themain factors to determine aerosol activation abil-
ity that vary widely in the atmosphere, such as particle size, chemical
composition, and mixing state (Yum et al., 2005; Spracklen et al.,
2008; Sihto et al., 2011; Matsui et al., 2011; Wex et al., 2010). Dusek
et al. (2006) proposed that aerosol cloud-nucleating ability relies on
particle size more so than on chemical composition. Kuwata et al.
(2008) argued that considerable variation of CCN concentrations at
lower supersaturation (SS) levels may be induced by changes in chem-
ical composition. Wang et al. (2010) analyzed the importance of de-
tailed information on the chemical composition and mixing state of
aerosols for determining particle activation properties. In addition, the
response of aerosol CCN activity to different particle mixing states im-
plies a potential contribution of anthropogenic pollutants to CCN
(Lance et al., 2013; Che et al., 2016). In particular, highly diverse organic
and inorganic components complicate the micro-scale properties of
aerosols, such as their structural functionality, hygroscopicity, solubility
and volatility (Svensmark et al., 2017; Liu et al., 2014; Arndt et al., 2017).
As particles age, ambient meteorological conditions can enhance their
growth and eventually change their hygroscopicity (Crosbie et al.,
2015; Mallet et al., 2017). For example, high relative humidity (RH)
and low air convection velocity facilitate secondary aerosol formation
and thus modify particle chemistry, especially under conditions of
abundant gaseous pollutants (e.g. SO2, NO2 and NH3) (Wu et al., 2015;
Ding et al., 2013; Kristensen et al., 2016; Wang et al., 2016). Moreover,
condensed vapors encountered during the particle growth process
have an effect on particle surfactant properties, affecting volume during
cloud-droplet formation and changing chemical composition to influ-
ence CCN properties (Ma et al., 2016). The Raoult and Kelvin effects
are well-documented explanations of the possibility of activated aero-
sols (Rogers and Yau, 1989).

To date, field measurements have illustrated the important relation-
ships among aerosol, CCN and pollution in areas such as Linan (Che
et al., 2016), Beijing (Gunthe et al., 2011), Hong Kong (Meng et al.,
2014), Seoul (Kim et al., 2017) and Jeju Island (Kuwata et al., 2008),
Amazonia (Gunthe et al., 2009) and São Paulo (Almeida et al., 2014).
Themutable properties of CCN can bemodified by newparticle formation
(NPF), particle aging and growth, and pollutants encountered in various
atmospheric environments (Kalkavouras et al., 2017; Kuang et al., 2009;
Kalivitis et al., 2015; Gunthe et al., 2011; Dusek et al., 2006). Yue et al.
(2010) found that the NPF events dominated by sulfate and organic
material (OM) formation are important contributors to CCN budget.
Wiedensohler et al. (2009) reported that growing nucleation-mode
particles account for up to 80% of the total CCN concentration in Beijing,
in contrastwith the typical dominant accumulationmode. Anthropogenic
emissions can elicit changes in particle chemical composition and size dis-
tribution, and at the same time increasing particle amounts aggravate the
pollution situation (Kuwata and Kondo, 2008; Wang et al., 2010; Rose
et al., 2010; Kerminen et al., 2012; Leng et al., 2014). Generally, pollution
results in high loading of aerosol, which impacts CCN and thus cloud
cover and PR over polluted areas (Zhao et al., 2006). Measurements
collected on Tai mountain demonstrated the direct effect of regional
pollution on the chemical species in cloud and fog droplets, and their
altitudinal differences according to long-distance transport and local air
masses (Wang et al., 2012). Rosenfeld et al. (2008) described an inverse
relationship between air pollution and orographic PR, indicating that a
greater abundance of submicron particles suppresses the PR-forming
process by acting as cloud-drop condensation nuclei.

Guangzhou, a highly populated megacity located in the core of the
Pearl River Delta (PRD) region in southern China, has experienced
rapid economic development and industrialization for decades. This
city is currently suffering from poor air quality due to abundant anthro-
pogenic particles and gas pollutants (Peng et al., 2014; Lai et al., 2016;
Tao et al., 2017; Zheng et al., 2012). Despite improved air quality in re-
cent years, extreme pollution or hazy days still occur during all seasons
(http://www.gdep.gov.cn/). Very few studies have reported the proper-
ties of CCN influenced by pollution in southern China.

In this study,we investigated aerosols and CCN in Guangzhou during
pollution and after-rain periods both in summer andwinter, for the pur-
pose of understanding how pollutants age and affect aerosol CCN activ-
ities under different atmospheric conditions, and summarizing their
possible parallel transfer mechanisms. Recent studies about Chinese
pollutions had revealed and come out the conclusion that the reconsid-
eration should be taken for changes of pollution situation. Viewed solely
in terms of pollutants rather than weather, our results provide insights
into the relationship between aerosols and pollution that may be useful
for controlling pollution.

2. Instruments and data

2.1. Observation station

Fieldmeasurementswere performed in July andAugust 2015, and in
January 2016 in Guangzhou, China. The observation station was set on
the roof of a building (about 50 m above ground level) at the South
China Institute of Environmental Science (SCIES), Ministry of Environ-
mental Protection (23.07°N, 113.21°E). Detailed information about
this site was provided in our previous study (Duan et al., 2017).

2.2. Measurements

A CCN counter (CCN-100; DMT, USA) equipped with a continuous
500 cm3/min flow stream and thermal gradient was employed to

http://www.gdep.gov.cn
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measure CCN concentrations at five SS levels. Inside the counter, an op-
tical particle counter (OPC) is utilized to detect activated droplets be-
tween 1 and 10 μm in size (Lance et al., 2006). The RH of inlet airflow
was constrained to below 30% with a silica gel dryer. To maintain
counting accuracy, the instrument was calibrated periodically for T gra-
dient, flow, P, SS and OPC using standard ammonium sulfate according
to the method of Rose et al. (2008). In addition, a zero determination
was performed before and after every observation to diminishmechan-
ical error. During the campaign, the observation interval was 10min for
each SS level, with severalminutes needed after switching SS to regain a
stable state. Therefore, we omitted CCN data collected before achieving
stable SS from further analysis.

The Scanning Mobility Particle Sizer (SMPS 3080; TSI, USA) and
Aerodynamics Particle Sizer (APS) were combined to measure the par-
ticle size distribution in the range of 13 nm–20 μm. Aerosol Instrument
Management (AIM) software was utilized tomakemultiple charge and
diffusion corrections. Aerodynamic diameter and mobility diameter
were converted based on an assumption of spherical particles (Duan
et al., 2017). Prior to sampling, the instruments were calibrated
carefully using standard polystyrene latex (PSL) spheres. Moreover,
inflowing ambient air passed through a Nafion tube (inlet through a
0.071-cm impactor) before entering the instruments. Zero determina-
tion and regularmaintenancewere conducted periodically to ensure re-
liable data.

A semi-continuous In-situ Gas and Aerosol Composition monitor
system (IGAC) (model S-611; Fortelice International Co., Ltd., Taiwan)
was employed to measure major chemical species including inorganic
ions (NO3

−, SO4
2−, Cl−, Ca2+, NH4

+, K+ and Na+) and precursor gases
(HNO3, SO2 and NH3) with a temporal resolution of 1 h. Nitrogen
oxide (NOx), sulfate dioxide (SO2), carbon monoxide (CO) and ozone
(O3) were measured using gas analyzers with a 5-min resolution
(Models 42i, 43i, 48i and 49i; Thermo Fisher Scientific Inc., USA).
PM2.5 mass concentration was determined using a tapered element os-
cillating microbalance (model 1400a; Rupprecht & Patashnick Co., Inc.,
USA). To avoid discrepancies caused by sea salt and nitrate in different
seasons (Tao et al., 2012), a PM10 inlet (URG-2000-30DBQ; URG) and
a PM2.5 cyclone (sharp-cut cyclone; R&P) were employed in front of
the sampling entrance during summer and winter, respectively.

Meteorological parameters, such as RH, T, WS, wind direction (WD),
P and PR were measured with an automatic weather monitoring system
(MAWS201; Vaisala Company, Finland). Atmospheric visibility (Vis.)
data were collected online from the Weather Forecast & Reports site of
TWC Product and Technology, LLC (https://www.wunderground.com).

2.3. Methodology

Air quality observations were divided into four levels based on the
particulate pollutant mass concentrations (e.g. PM2.5) according to the
Chinese national ambient air quality standards (NAAQS). Hourly PM2.5

levels exceeding 35 μg m−3 (Grade I), 75 μg m−3 (Grade II) and 125
μg m−3 (Grade III) were defined as light, moderate and heavy pollution
conditions. When the pollution conditions persisted for over 4 h in
1 day, that day was considered a pollution day. High O3 significantly
contributes to aerosol formation and aging through photochemical or
oxidation reactions, especially in summer, exerting a strong effect of
solar radiation on aerosol evolution.

Deliquescence relative humidity (DRH) is a threshold for determin-
ing whether pre-existing hygroscopic particles can transfer from solid
to liquid phase. DRH is sensitive to changes in ambient T and chemical
species composition (Wang et al., 2016). If ambient RH increases to
larger than DRH, a solid-liquid phase transition usually occurs and facil-
itates heterogeneous chemical reactions.

lnDRH ¼ −
MmsLs
1000RT

ð1Þ
whereM is themolarmass of water, ms is themolality of a saturated so-
lution, and Ls is the latent heat of salt fusion. When considering the
lower volatile of (NH4)2SO4 than NH4NO3 and NH4Cl (Hu et al., 2014),
in this study, ammonium sulfate was considered the preferentially
formed species in particles to determine DRH.Moreover, the parameter
kappa (κ) was used to characterize the hygroscopicity of aerosol parti-
cles (Rose et al., 2010; Zhao et al., 2015).

ΔCCN SS1−SS2ð Þ ¼ N CCNss1ð Þ−N CCNss2ð Þ ð2Þ

The increment of CCN was chosen as an indicator to reflect the ef-
fects of inorganic and organic compositions on aerosol CCN activity to
some extent, representing the difference of aerosol hygroscopic and hy-
drophilic components, respectively. A high increment means that the
majority of particle volume ismade up of organic compounds. Although
organic species differ in physicochemical properties, as a whole their
contribution to particle hygroscopicity is far lower than that of inorganic
species, especially soluble salt.

3. Results and discussion

3.1. Aerosol CCN activity during pollution days in summer

3.1.1. Changes of aerosols and CCN
The summer study period was from 3 to 7 August 2015, during

which meteorological conditions were relatively stable, with low WS
(~2.5 m/s), and high T (N27 °C) and RH (b80%). Over this whole period,
although hourly PM2.5 concentrations varied between 13 and 96 μgm−3

and reached high values on numerous occasions (Fig. 1), the average
value of 35 μg m−3 represented relatively good air quality. In contrast,
the PM level was higher than its typical in Guangzhou, but considerably
lower than that at approximately the same time in northern Chinese cit-
ies such as Beijing (Liu et al., 2013), Xi'an (Xu et al., 2016) and Suzhou
(Tian et al., 2016).

Overall, aerosol particle concentrations were generally higher dur-
ing pollution episodes and lower during non-pollution periods, and ex-
hibited distinct inter- and intra-day variations (Fig. 1). Specifically,
when PM2.5 was high, CCN and particle size concentration (CN) were
also often at elevated values, but the corresponding CN/CCN ratio was
unpredictable. At higher SS levels (N0.4%), CCN concentrations varied
from 1419–1798 cm−3 to 11,575–14,307 cm−3, while at lower SS
(≤0.4%), they exhibited a small growth from 645–1172 cm−3 to
4017–8621 cm−3. A similar discrepancy in the response of CCNs to SS
has been observed on Jeju Island, Korea (Kuwata et al., 2008). The
most abundant chemical species in particles, SO4

2−, NO3
− and NH4

+ aver-
aged 9.48 (±3.29) μg m−3, 4.84 (±2.42) μg m−3 and 2.85 (±1.85)
μg m−3, respectively, and reached maxima 2–3-fold higher than their
averages (Fig. 2).

To focus on the pollution period, it was divided into three sub-
episodes: light pollution on 3 August, moderate pollution on 4 to 6
August, and mitigating pollution on 7 August (Fig. 1). On 3 August, parti-
cle number (CN) increased dramatically at 10:00 LT (about 4-fold) and
reached a maximum around 12:00 LT, and subsequently remained high
for more than 8 h, while CCN and PM2.5 varied only slightly. Nucleation
mode (b20 nm) and Aitken mode (20–100 nm) particles increased
sharply at 10:00 LT and then remained high for several hours. In particu-
lar, Aitken particles continued to increase until night, while accumulation
mode (100nm–2 μm)particles showed littlefluctuation. According to the
banana-shaped appearance of particle size spectra (Fig. S1), NPF events
were considered the dominant contributor to increased CN and CCN.
The sudden rise of fine particles driven by NPFs can generate more parti-
cles those can be activated into CCNs in urban environments (Sihto et al.,
2011; Peng et al., 2014; Wiedensohler et al., 2009). From morning until
sunset, O3 increased from 10 to 178 μg m−3, while inorganic ions in par-
ticles varied little. The high O3 level accompanying CN implies a strong

https://www.wunderground.com


Fig. 1. Time series of hourly-averaged (a) CN, CCN and CCN/CN ratio, (b) PM2.5 concentrations, and (c) 5-minmean particle number concentrations of nucleation, Aitken and accumulation
modes from 3 to 7 August 2015. The background colors refer as to the periods of particulate pollution conditions, such as pink for light pollution, purple red for moderate pollution, and
purple for heavy pollution.
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effect of photochemistry on secondary aerosol formation through supply
of OH and H2O2 radicals, especially after noon (Alfarra et al., 2012). Addi-
tionally, CCN/CN variation had basically a pattern opposite to CCN due to
Fig. 2. Time series of hourly-averaged (a) major particle water-soluble inorganic ion concentra
between SS = 1.0 and SS= 0.2), (c, f) gaseous species (CO, SO2, NOx, O3), and (d, e) meteorolo
speed (WS) from 3 to 7 August 2015. The background colors are same with Fig. 1.
the extreme increase of CN at small sizes, which is not exhibited as CCN.
We note that the highest PM2.5 concentrations around 19:00 LT are partly
attributable to vehicle emissions (He et al., 2008).
tions, (b) soluble inorganic fraction of PM2.5 (S/PM2.5) and ΔCCN1.0–0.2 (increment of CCNs
gy parameters of temperature (T), relative humidity (RH), wind direction (WD) and wind

Image of Fig. 1
Image of Fig. 2
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On 4 to 6 August, the pollution episodes were concentrated mainly
in the afternoon and evening, lasting about 12 h from 12:00 LT to
24:00 LT. PM2.5 and CN generally began to increase after 10:00 LT, and
reached theirmaximabetween 18:00 LT and20:00 LT. During these pol-
lution episodes, Aitken and accumulation particle concentrations were
generally high, in particular, particle pooling was much greater than
during no-pollution periods. Surprisingly, there seems to be a phase
gap between PM level and particle activity: CCN/CN often peaked be-
tween 15:00 LT and 18:00 LT before PM2.5 and CN, and the ratios fell
to low values when their maxima approached. For instance, on 5 Au-
gust, CN reached its highest level and CCN/CN dropped to its lowest at
almost the same time (19:00 LT). As shown in Fig. 2, SO4

2− and NH4
+ in-

creased after 10:00 LT and reached their maxima between 15:00 LT and
19:00 LT, similar to CCN/CN. SO4

2− and NH4
+ varied almost synchro-

nously, whereasNO3
− did not exactly imitate them, particularly on 4 Au-

gust, when it increased continuously after 10:00 LT and reached its
maximum after 21:00 LT.

3.1.2. Water-soluble chemical species of particles
Rose et al. (2010) explained the significant influence of chemical

composition on aerosol CCN activity via absorption of water vapor. Al-
though water-soluble chemical species are theoretically important for
particle activation, they exhibit high temporal and spatial variability
Fig. 3. Statistical characteristics of hourly gaseous species, SOR and NOR, particle water-soluble
August.
caused bymany factors, such as emissions, secondary aerosol formation,
particle aging and mixing (Wu et al., 2015; R.J. Huang et al., 2014; Asmi
et al., 2011; Spracklen et al., 2008; Peng et al., 2014; Pierce and Adams,
2009). Pollution is viewed as an important factor via which aerosols
change the water-soluble species of particles by triggering chemical re-
actions (e.g., photochemical, homogeneous, and heterogeneous reac-
tions) due to abundant gaseous and solid pollutants (Kuwata et al.,
2008; Wildt et al., 2014; Che et al., 2016; Ma et al., 2016). Moreover,
in urban environments, the competition for condensable gases between
pre-existing particles and newly formed particles associated with NPF
suppresses the increase of particle size and hygroscopicity (Matsui
et al., 2011).

Fig. 3 shows the statistical characteristics of water-soluble chemical
species in particles by the levels of particulate pollutants. In general,
greater particle mass (PM2.5) was associated with higher particle num-
ber concentrations (CN, CCN) and higher soluble component contents
(e.g. SO4

2−). However, unlike the variables discussed above, aerosol ac-
tivity (CCN/CN) did not continue to rise with increasing soluble compo-
nents. Particles at the light pollution level were more activated than
those measured under moderate pollution and relatively clean condi-
tions. In addition, RH seems to be an important factor driving changes
in water-soluble components and aerosol CCN activity. For example, at
moderate pollution levels, RH may promote the formation of water-
inorganic ions, and PM2.5, CN and CCN at different levels of particulate pollutions for 3 to 7

Image of Fig. 3


Fig. 4. Scatter plots of the transition ratios of SO2 to SO4
2− (SOR) vs. temperature, relative humidity (RH) and ozone concentration during 3 to 7 August.

Fig. 5. ΔCCN1.0–0.2 as a function of SO4
2− concentrations in polluted periods during 3 to 7

August (tagged by colors in Fig. 1).
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soluble components and thus cause higher aerosol CCN activity, in par-
ticular of relatively high nitrogen oxidation ratio (NOR) due to greater
nitrate formation enhanced by lower T andmoremoisture at night. Dur-
ing the relatively clear period frommidnight to sunrise, with no obvious
presence of anthropogenic emissions, the hygroscopicity of particles
was mainly enhanced by liquid phase reactions. Sulfate transformation
relies on gas and liquid phase transitions facilitated by solar radiation
and stagnantmeteorological conditions in summer (Grivas et al., 2012).

Sun et al. (2013) noted that gas particles participating in secondary
formation are a major mechanism affecting PM evolution. Tian et al.
(2016) proposed gas-phase oxidation by photochemical products (e.g.
O3) and heterogeneous oxidation as the two main methods by which
trace gases are transferred onto particles. The increasing chemical frac-
tions resulted in greater hygroscopicity and more particles activating
into CCN, and therefore small particles with higher degree of oxidations
had higher kappa values (Zhao et al., 2015). In addition, volatile organic
compounds can always be transferred into secondary organic com-
pounds (SOC) in particles through the photochemical effect (Alfarra
et al., 2013). Kong et al. (2014) showed that nitrate participates in het-
erogeneous reactionswith SO2, accelerates the rate of sulfate formation,
and leads to the formation of surface-adsorbed HNO3 and gas-phase
N2O and HONO.

In Guangzhou, the fraction of aerosol organic compounds is higher
than other cities in southern China due to the sources and quantity of
anthropogenic pollutants (Tao et al., 2017). For particles smaller than
200 nm, chemical composition determines whether particles of a
given size are able to activate as CCN, in particular the fraction of organic
compounds. In Fig. 2b, the variation in ΔCCN between SS 1.0% and 0.2%
is shown. Based on the response of CCN to different SS, a large increment
represents a large fraction of insoluble compounds, especially organic
matter. Because decreasing volatility and increasing hygroscopicity
often covarywith the increasing degree of oxidation, larger particles ex-
hibit less size-dependence of composition than small particles (Vogel
et al., 2016).

3.1.3. Influence of pollutants on aerosol CCN activity
All SO4

2−, NO3
− and NH4

+ concentrations increased at the same pace
as PM2.5, but these values do not precisely represent the pollution
state. The sulfur oxidation ratio (SOR) and NOR are used as indicators
of the transition from SO2 to SO4

2− and NO2 to NO3
−, when sulfur and ni-

trate move between gaseous and particle phases (Leng et al., 2016).
Fig. 4 shows the positive correlations of O3 and T with SOR, whereas
there is a negative correlation of RH with SOR, consistent with the
results of Tian et al. (2016). The important effects of T on gas-phase ox-
idation, and of high RH on heterogeneous reactions, were described by
Sun et al. (2014), including the Kelvin effect caused by differences in
volatility that result in size-dependent composition due to partitioning
of the gas-particle phase transition. Our field measurements revealed
that pollutant formation was dominated by photochemical reactions, de-
spite of the contribution of primary emissions. Although primary emis-
sions affect both inorganic and organic fractions, SOC formation is an
important factor to account for, especially during the photochemically
active summer season. Due to a lack of organic data, the correlation coef-
ficient modified by SO4

2− can represent the organic fraction in particles,
according to the method described by Grivas et al. (2012), and they
found that the dominant pathway of SOC formationwas a photochemical
reaction closely related to oxidant levels, which intensified during the
summermonths, typically in the afternoon hours. Fig. 5 shows the strong
relationship between ΔCCN1.0–0.2 and SO4

2−. During the formation of
pollutants, a large fraction of organic compounds leads to decreased hy-
groscopicity, in contrast to the pattern in inorganic compositions.

On the whole, photochemical reactions are the dominantmethod of
pollution generation. For example, ΔCCN1.0–0.2 varied widely and
reached its maximum during the CN burst on the mornings of 3 and 4

Image of Fig. 4
Image of Fig. 5


Fig. 7. Relationship between CCN/CN and major inorganic chemical compositions in
(a) daytime and (b) nighttime of polluted days during 3 to 7 August.
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August (Fig. 2b). Based on CCN properties, ΔCCN1.0–0.2 is typically sensi-
tive to changes in the hydrophobic components (e.g., organic matter) of
particulatematter. In terms of the hygroscopicity of particles, the corre-
sponding kappa value remains low. The reason for this trend may be
that newly formed particles are accompanied by organic compounds
(Dai et al., 2017). During the period of strong solar radiation in the after-
noon, although inorganic chemical components increased, their propor-
tion in PM2.5 (S/PM2.5) gradually decreased, probably due to the
generation of organic components via photochemical reactions.

Even when the effects of photochemical reactions are reduced at
night, rapidly increasing NOx expedite atmospheric oxidation to prompt
particle formation andgrowth,whichmaybedue to the transition toward
more primary gas pollutants formed through heterogeneous reactions at
night (Wang et al., 2016). Zhao et al. (2015) demonstrated that atmo-
spheric aging leads to a change in aerosolmixing state, e.g., froman exter-
nal mixture to one that is more internallymixed, possibly due to aqueous
phase processing. Heterogeneous reactions and irreversible uptake of
low-volatility compoundsmay also affect the size dependence of compo-
sition due to varying surface-to-volume ratio of particles of different sizes.
In ambient atmosphere, the primary formation pathways include gas-
phase photochemical production of HNO3 during daytime and heteroge-
neous hydrolysis of N2O5 at nighttime. For example, on 4 August, the O3

concentration reached its highest level of 260 μg m−3 at 16:00–17:00 LT
and decreased until 20:00 LT, likely due to NO2 depleting O3 and produc-
ing NO3 and/or N2O5, which readily form HNO3 with H2O. Facilitated by
increasing RH, the continuous increase of nitrate was caused by neutrali-
zation in particles. Due to elevated anthropogenic emissions and no nota-
ble presence of O3 after 21:00 LT, the major inorganic components
increased gradually, but shifted from nitrate- to sulfate-dominant parti-
cles for stability. Nitrate is labile at high T, and can also be formed via
NO2 oxidation by OH radical and H2O2 (Cheng et al., 2016).

Previous studies have investigated the significant role of photo-
chemical reactions in new and secondary particle formation. Ding
et al. (2013) reported that high oxidant levels can lead to SO2 transfor-
mation into sulfate and high rates of secondary aerosol formation under
high-O3 conditions. The remaining large fraction of NO2 and O3 drive at-
mospheric oxidation, leading to efficient PM mass and particle size
growth (Wang et al., 2015). Also, as illustrated by Qi et al. (2015),
high levels of PM2.5 and large particle geometric mean diameter
(GMD) retard NPF under high oxidization capacity conditions in sum-
mer, emphasizing the important role of secondary transformation. Nev-
ertheless, it is feasible that worsening pollution may weaken the
formation of new particles while promote particle growth and aging.

The single hygroscopicity parameter κ, and thus the CCN activity of
secondary inorganic aerosol (SIA) particles, represent the total CCN
population at all sizes. In Figs. 6 and 7, kappa and the inorganic chemical
Fig. 6. Scatter plots of CCN/CNvs. particle hygroscopic parameter kappa (κ) in daytime and
nighttime during 4 to 6 August.
composition of aerosols showed differing trends when viewed as func-
tions of CCN/CN in daytime and nighttime. From the analysis above, it is
evident that photochemical reactions can also promote the transforma-
tion of gaseous pollutants (e.g., NO2, SO2) and semi-volatile compounds
into secondary aerosols and highly oxidized species, including organic
components of particles. Despite heterogeneous reactions continuing
to occur at night, the particle chemical component concentrations re-
duced. These pollution formation conditions allowed more detailed
study of secondary organic formation process, which may influence
CCN activity in summer. Additionally, to our knowledge, increasing T,
rising planetary boundary layer, strong solar radiation and instable at-
mospheric convection also provide favorable conditions for accelerating
the mixture and reaction of atmospheric species.

3.2. Aerosol CCN activity during pollution days in winter

3.2.1. Changes of aerosols and CCN
The study period in winter was 2 to 4 January 2016, including the

New Year holiday on 2 to 3 January (Fig. 8). During this period, stable
meteorological conditions were unfavorable for vertical and horizontal
diffusion of pollutants, including high RH with low T and WS. Previous
studies have found that a stagnantweather cycle facilitates regional pol-
lution formation (e.g., haze) and causes heavy pollution periods to last
longer inwinter (Leng et al., 2014). Overall, hourly PM2.5 concentrations
were mostly higher than 75 μg m−3, and sometimes exceeded 100
μg m−3, with a maximum of 150 μg m−3 at midnight on 2 January. CN
and PM2.5 concentrations exhibited distinct inter- and intra-day

Image of Fig. 6
Image of Fig. 7


Fig. 8. Similar as Fig. 1, but for 2 to 7 January 2016.
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variations, while variation in CCN was not obvious. When PM2.5 and CN
had high values, the corresponding CN/CCN ratio was low. CN and CCN
maintained higher levels than in summer,with averages of 20,000 cm−3

and 5000 cm−3, respectively. The abundances of chemical species in
particles, SO4

2−, NO3
− and NH4

+, averaged 13.66 (±7.12) μg m−3, 20.73
(±15.36) μgm−3, and 11.38 (±7.25) μgm−3, respectively, and reached
maxima higher than their averages by 2–3-fold (Fig. 9a).
Fig. 9. Similar as Fig. 2, but for 2 to 7 January 2016. Ad
On 2 January, PM2.5 began to rise at 16:00 LT and reached its maxi-
mum of 150 μg m−3 between 21:00 LT and 24:00 LT. CN also increased
sharply after 16:00 LT and reached a peak (38,000 cm−3) at around
22:00 LT, whereas CCN increased only slightly. Nucleation particles in-
creased in conjunction with Aitken and accumulate particles, indicating
that the increase of particles relied not only on primary emissions, but
also on secondary aerosol formation. At the same time, SO4

2−, NO3
−

ditionally, (a) precipitation levels are displayed.

Image of Fig. 8
Image of Fig. 9
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and NH4
+ concentrations rose drastically; in particular, NO3

− increased
sharply from 16.7 μg m−3 to 48.3 μg m−3, i.e., to a far greater extent
than the other two components. To our knowledge, nitrite mainly orig-
inates from the transformation of NO and NO2 emitted by vehicles.

3.2.2. Water-soluble chemical species in particles
The chemical species NO3

− and NH4
+ were more sensitive to precur-

sor gaseous pollutants, such as CO and NOx (Fig. 9). In addition, NOx co-
variedwith CO, fluctuating simultaneously and remaining at high levels
at the same time. A high level of NOX and low photochemical activity
usually produce insufficient oxidants, such as OH and H2O2 radicals
(X. Huang et al., 2014). As shown in Fig. 10, the soluble chemical compo-
sitions of particles increased following the increase in PM levels, which
is similar to observations from summer. CN concentration increased
with worsening pollution, but CCN/CN was not necessarily related to
pollution state, especially for heavy pollution. The exact reason for this
trend may be particle eruption due to emissions from motor vehicles
during rush hour traffic in winter. At the same PM2.5 level, although
CO remained at high levels, SOR and NOR were low under higher RH
conditions. When RH was greater than DRH, the components of partic-
ulate matter tended to become stable in the absence of strong local
Fig. 10. Similar as Fig. 3, but
emissionswhich also should take into account of particle pH andmixing
state.

The highest nitrate levels occurred several hours after minimal S/
PM2.5, whereas ΔCCN1.0–0.2 remained at high levels and changed con-
stantly, indicating a huge contribution of secondary transformation to
particle growth and aging. In terms of the variations in CO and NOx

over time, the burst of NO3
− closely followed their increasing variability.

Additionally, the subsequent two large peaks of nitrate changed syn-
chronously with greater CN and PM2.5, but lower S/PM2.5 and relatively
highΔCCN1.0–0.2, probably due to constant equilibration among the high
levels of chemical components under stable meteorological conditions
with relatively simple exhaust pollutants. Furthermore, most particles
shifting to larger sizes had heavy loadings, exceeding 20,000 cm−3

(Figs. 8 and S2). The growth of pre-existing particles to larger sizes dur-
ing the following stages is always supported by condensation, heteroge-
neous reactions of chemical compounds and coagulation of particles
(Wang et al., 2013).

Nevertheless, aerosol accumulation and dilution also play significant
roles in particle evolution, and therefore the sources of air mass flow
should be taken into account. Airflow originating in the local area
contained a large amount of anthropogenic pollution on 2 to 3 January
for 2 to 6 January 2016.

Image of Fig. 10


Fig. 11. Scatter plots of the transition ratios of SO2 to SO4
2− (SOR) and NO2 to NO3

− (NOR)
vs. relative humidity (RH) during 2 to 6 January. Fig. 12. Similar as Fig. 5, but for 2 to 6 January.

Fig. 13. Scatter plots of CCN/CN ratios vs. particle hygroscopic parameter kappa (κ) for 2 to
5 January.
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(Fig. S3). This large quantity of pollutants from local and regional indus-
trial and vehicle emissionswas suspending under stagnant atmospheric
conditions, resulting in heavier pollution in Guangzhou.

3.2.3. Influence of pollutants on aerosol CCN activity
Fig. 11 shows the correlations of the parameters SOR and NOR with

RH obtained from polynomial analysis fitting, with R2 values (0.88 and
0.75, respectively) higher than those of lower temperature of winter.
Thus, both SOR and NOR were highly influenced by RH in winter.
Wang et al. (2016) reported that high humidity and low photochemical
activity during hazy periods facilitate the secondary transition processes
of SO4

2−, NO3
− and SOC. However, both SOR andNOR increased following

the increase in RH, but then decreasedwhen RHwas N80%, emphasizing
the necessity of investigating various characteristics of pollution and re-
gional conditions thoroughly. A high amount of rainfall in January 2016
may be one contributor to the high ambient RH that was a major factor
in winter haze. Similar to our results, Sun et al. (2013) found that sulfur
oxidation depends directly on RH, indicating an important role of aque-
ous processes on sulfate formation. In addition, nitrate is more easily
formed by gas-particle processing of gaseous nitric acid to aerosols
under the lower T of winter (Tao et al., 2012).

Based on previous analysis, this pollution situation was caused by the
rapid increase in emissions of high particulatematter concentrations con-
taining high levels of organic compounds. To our knowledge, nucleation
particles rely mainly on NPF or primary exhaust particles, while larger
submicron particles are dependent on secondary particle formation and
growth via gas-liquid phase changes or heterogeneous reactions
(Laaksonen et al., 2005). Fig. 12 shows the negative correlation between
SO4

2− and ΔCCN1.0–0.2, indicating that lower chemical component con-
tents in particles are primary found in small, newly formed particles
that possess a large fraction of organic compounds. Under conditions of
ambient RH greater than DRH, heterogeneous reactionwas the dominant
cause of pollution formation under high pollutant conditions in winter.
The hygroscopicity parameter kappa had a positive correlation with
CCN/CN (Fig. 13), implying that aerosol CCN activity obeys the usual
rule whereby the fraction of activated CN concentration increases with
hygroscopicity. Taking a broad view, the participation of anthropogenic
pollutants in heterogeneous reactions likely acts as the main source and
factor influencing winter pollution in Guangzhou.

3.3. Influence of pollutants on aerosol CCN activity during post-rain periods

Wet scavenging caused by PR can remove particles from the atmo-
sphere, reduce pollutants and even improve air quality to some extent.
After rain scouring, the atmosphere becomes very clean, and this period
offers a good opportunity to study the formation and transformation of
local particulate pollutants in detail. Here we investigated such condi-
tions in winter.

Wet scavenging due to PR occurred on 5 January, starting at mid-
night and continuing until noon. In Fig. 8, it is apparent that accumula-
tion mode particles were more sensitive to heavy rain scavenging
(6:00–12:00 LT) than other particle modes, but responded differently
during 0:00–6:00 LT under light rainfall conditions. These differing re-
sponses of particles towet scavenging illustrated that rain can generally
remove particles and may even modify the modes of particles. Com-
paredwith the large changes of PM2.5, inorganicwater-soluble chemical
compositions change smoothly, and stayed at relatively low levels four
several hours even after rain. The wet scavenging process and planet
boundary layer (PBL) might be responsible to this pattern (Sun et al.,
2011). Another possible explanation for this effect is that the continuing
rise of RH may promote more ambient water vapor to mix with small
particles in heterogeneous chemical reactions on the surface of atmo-
spheric particles (Spracklen et al., 2008).

After PR ended, no immediate quick formation both for particle con-
centration (CN, CCN) and other particle componentswas observed until
18:00 LT. Accompanied by stagnantweather condition andweakphoto-
chemistry effect, the contribution of new particle formation to winter
pollution can be ignored in winter. However, the increase of S/PM2.5

Image of Fig. 11
Image of Fig. 12
Image of Fig. 13
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displayed the change of particle compositions, implying that the parti-
cles were still under growth and aging process. The particle loading in-
creased sharply around 20:00 LT (rush hour), when CN, CCN and PM2.5

concentrations increased to their peaks followed by the chemical com-
ponent peaks 2 h later. At the same time, CCN/CN decreased to valley
value. It was apparent to see that the dominant pollution source is
largely from anthropogenic emissions and large fraction of exhausted
particles is hydrophobic. Moreover, the largest inorganic fraction of sec-
ondary formed particles was taken up by SO4

2− instead of NO3
−. The rea-

son for this phenomenonmay be related to the quantity of gas pollution
and the ambient meteorological conditions which influenced the pro-
cess of heterogeneous reactions. In winter, the atmospheric oxidation
mainly relied on NOx enhancing SO2 oxidation by NO2 in high ambient
RH (Wang et al., 2016).

Based on this above analysis, it is apparent that the scavenging pro-
cess makes a significant contribution to pollution dilution. In addition,
with weak photochemical effects, the contribution of new particle for-
mation to pollution is negligible. The effects of anthropogenic emissions
are pronounced, supplying the predominant sources of particle growth
and aging, and causing different transformations under different pollu-
tion conditions.

4. Conclusion

The urban pollution provides an important chance for anthropo-
genic pollutants to affect physical, chemical and hygroscopic properties
of CCN on the ground. The characteristics of aerosol and CCNweremea-
sured for pollution cases to explore the effects of pollutants on aerosol
CCN activity in the megacity Guangzhou.

Aerosol and CCN show similar paces at different pollution condi-
tions, while aerosol CCN activity exhibits an opposite trend to the two
formers. Secondary particle formation, aerosol growth and aging all
play important roles in changing particle number and size, even chem-
ical composition and mixing state to result in variation of aerosol CCN
activity both in summer andwinter pollution processes. Photochemical,
atmospheric oxidation and heterogeneous reactions significantly im-
pact particles in all sizemodes and inorganic soluble chemical composi-
tions, and then possibly promote aerosol hygroscopicity and CCN
activity. For example, photochemical reactions strongly impacted sulfur
transition in summer but nitrate formation inwinter. On theother hand,
under strong solar radiation conditions in daytime, although inorganic
chemical components increase, their proportions in particles gradually
decrease probably due to the generation of organic components via
photochemical reactions.

Wet scavenging can largely modify the particle modes and decrease
aerosol chemical compositions. In winter, accompanied by stagnant
weather condition and weak photochemistry effect, the contribution
of newparticle formation to pollution can be ignored. Instead, the atmo-
spheric oxidation by anthropogenic emissions enhanced the pollution
proceeding both in two seasons.
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