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Abstract. The scattering of solar radiation by aerosol is significantly affected by
relative humidity (RH) due to the aerosol hygroscopicity. In order to better understand
the characteristics of aerosol scattering hygroscopic growth and its influencing factors
during new particle formation (NPF) days, we conducted the in-situ campaign from
February to April 2022 in Xiamen, a coastal city in southeastern China. The aerosol
scattering hygroscopic growth factor f{RH), commonly used to describe the aerosol
indirectly hygroscopicity, varies greatly due to the influence of aerosol chemical
composition and size. In the relatively clean atmosphere of Xiamen, NPF events occur
frequently, and the variation in chemical composition during the events has a substantial
influence on the aerosol scattering hygroscopic growth. In this study, we investigated
the features and influencing factors of f{RH) in the NPF days. The research results
emphasized that f{RH) differed significantly between NPF and non-NPF days, mainly
impacted by the aerosol chemical compositions, especially sulfate and nitrate. In the
NPF days, sulfate was the dominant contributor to f{RH), distinguishing from the non-
NPF days. Aerosol hygroscopicity-chemical composition closure demonstrated that
NH4HSO4 was the main driving force (30.78%) of the hygroscopicity parameter xxrm)
when NPF events happened, while NH4NOs3 played a dominant role in xqrm) (up to 35%)
for non-NPF days. Although the uncertainty of the organic aerosol (OA) to
hygroscopicity might exist due to the varieties of chemical components and oxidation
level, it was the crucial driving factor for the variation in aerosol hygroscopicity. The
findings of this study would be helpful for the further understanding about the
properties of aerosol hygroscopicity in the coastal area, as well as complementing the
hygroscopic growth factors to the models of air quality and climate change.

1 Introduction

Atmospheric aerosols have direct and indirect effects on atmospheric visibility, the
earth-atmosphere radiation budget, clouds and precipitation, which in turn affect
climate (Charlson et al., 1992); and these effects are strongly dependent on the
hygroscopic properties of the ambient aerosol and the relative humidity (RH). The
aerosol optical properties are key parameters for accurately estimating the direct
radiative forcing caused by aerosols in climate models (IPCC, 2021). The aerosol
hygroscopicity has a significant impact on the optical properties by altering particle size
and refractive index, and ultimately on the climatic and environmental effects of
aerosols (Covert et al., 1972; Tang, 1996; Malm and Day, 2001). Particles absorb water
through hygroscopic growth, growing to sizes that are more efficient for light scattering,
and their refractive index changes, resulting in enhanced aerosol scattering (Seinfeld et
al., 1998). The aerosol liquid water content (ALWC) increases as particles absorb water
in humid environment due to aerosol hygroscopicity. The condensed water in aerosols
serves as an effective medium for multiphase chemistry, promoting the transformation
of active gaseous pollutants into particles. Meanwhile, the newly formed hygroscopic
aerosol components, such as secondary aerosols, can also alter aerosol hygroscopic
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behaviors and enhance aerosol extinction efficiency. These processes lead to regional
visibility impairment and accelerated formation of heavy haze. Therefore, aerosol
hygroscopicity can profoundly affect atmospheric chemical processes (Wu et al., 2018)
and air quality (Liu et al., 2020a).

Aerosol hygroscopic growth become the main factors affecting the aerosol optical
properties at high ambient humidity due to the enhanced aerosol hygroscopicity and
increased RH (Jin et al., 2022). The aerosol scattering hygroscopic growth factor ({RH))
is defined as the ratio of aerosol scattering coefficient at an elevated RH level (osp(RH,
A)) to that under dry condition (osp(RHary, A)) (usually RH < 40 %) at a given
wavelength. The scattering enhancement owing to hygroscopic growth strongly
depends on the source of the aerosol, which varies in chemical composition (Yan et al.,
2009;Sheridan et al., 2002;Fierz-Schmidhauser et al., 2010a;Kotchenruther and Hobbs,
1998). For example, marine aerosols tends to have higher f{RH) than urban or
continental aerosols, and their f{RH) decreases under strong anthropogenic influence
(Zieger et al., 2010; Yan et al., 2009; Sheridan et al., 2001). Mineral dust and freshly
emitted biomass combustion aerosols exhibit the lowest f{RH) values among the
aerosol types studied (Sheridan et al., 2002;Pan et al., 2009;Fierz-Schmidhauser et al.,
2010a). Hydrophilic species such as secondary inorganic components, sea salts, and
water-soluble organics in the aerosol are the main contributors to the hygroscopic
growth (Li et al., 2021; Fierz-Schmidhauser et al., 2010a), while black carbon and some
organic carbons are the major proportion of the hydrophobic species (Liu and Zhang,
2010). Thus, discrepancies in the chemical composition of the aerosol, the fraction of
soluble and insoluble chemical components, i.e., lead to variations of f{RH) (Malm et
al., 2005;Zieger et al., 2014;Zhang et al., 2015). Additionally, particle number size
distribution (PNSD) is another factor affecting f{RH). For a fixed chemical composition,
A(RH) decreases with increasing particle size (Fierz-Schmidhauser et al., 2010b; Zieger
et al., 2010; Baynard et al., 2006). Particle morphology, including shape and mixing
state, significantly affects aerosol hygroscopicity. Giordano et al. (2015) demonstrated
that the non-spherical shape of particles not only influences their hygroscopic behavior,
but also changes in the mixing state of particles—whether they are internally or
externally mixed—influence their hygroscopic properties (Stevens and Dastoor, 2019).
Noted that the aerosol chemical compositions, particle sizes and morphology have a
combined impact on fARH) in the atmospheric environment, as the two are closely
related (Wu et al., 2017; Kreidenweis and Asa-Awuku, 2014).

The observation site is situated in Xiamen, a fast-urbanization coastal city in
southeastern China, at the junction of land and sea. As a result of massive population
growth and rapid economic development, its atmospheric environment is subjected to
complex pollution situations, such as the increased atmospheric oxidation (Liu et al.,
2022) and relative high nitrogen oxide pollution (Chen et al., 2023). Notably, despite
these conditions, aerosol concentrations remain generally lower compared to those in
highly polluted megacities in China, according to open-access data from China
Environmental Monitoring Centre (https:/www.zq12369.com/index.php). On the other
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hand, it is located at a subtropical city with a relative high air temperatures and high

RH. High RH not only directly increases light scattering, leading to the decline of
visibility (Won et al., 2021), but also affects the aerosol chemical processes involved in

the particle formation(Sun et al., 2013; Chen et al., 2021). New particle formation (NPF)
events occur frequently in this coastal city in southeast China with relative clean air

quality (Wang et al., 2022). NPF is a process that low-volatile compounds emitted from

natural or anthropogenic sources form into thermodynamically stable molecular

clusters and grow into larger particles via condensation or collision with other vapours

or particles (Holmes, 2007). When NPF occurs, both the PNSD and the chemical

composition of the aerosol undergo significant changes, which have a remarkable

influence on the aerosol hygroscopicity and f{RH). Previous studies of f{RH) had been

conducted mainly in the megacity agglomerations such as North China Plain, Yangtze

River Delta and Pearl River Delta (Liu et al., 2012; Xia et al., 2019; Ding et al., 2021,

Jin et al., 2022; Zhao et al., 2019a), while limited attention had been paid to the

southeast coastal areas with relative low level of particle and high RH. Meanwhile,

these studies have focused more on the effect of aerosol chemical composition on f{RH)

(Li et al., 2021; Wang et al., 2021; Jin et al., 2022), however, the exploration to the

variation of f{RH) during NPF days is quite few in China.

In order to investigate the characteristics of f{RH) and its influencing factors during
the NPF days, the enhanced observations utilized a high-resolution, humidified
nephelometer system combined with the PNSD instruments to measure f(RH) for RH
ranging from 40% to 91% in urban Xiamen. Routine measurements including other
aerosol chemical and physical properties were also synchronously conducted.
Differences and variations in f{RH) between NPF and non-NPF days were explored and
the effect of aerosol chemical compositions on f{RH) were also discussed. The research
was expected to characterize the properties of aerosol hygroscopicity during the NPF
and non-NPF days in coastal area with relative low level of particle and high RH, and
provide references to the model improvement for air quality and climate change.

2 Instruments and methods
2.1 Observation site

The enhanced observations were carried out at the Institute of Urban Environment
of the Chinese Academy of Sciences in Xiamen (IUE, CAS), which is situated on the
west coast of the Taiwan Strait. The observation station (118°03'E, 24°36'N) was
located on the roof of an 80m-heigh building, a typical urban site surrounded by two
main trunk roads (Jimei main road and Haixiang express road), shopping malls,
educational institutions, and residential areas, and there was no apparent industrial
emission sources nearby. Thus, the collected data can accurately represent the average
air quality levels in the urban area of Xiamen. The observations were conducted
consecutively from the 1st February to the 30th April 2022.
2.2 Observation instruments

The fARH) values were obtained using a multi-band dual-nephelometer system
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(PB-FRH100, BMET, China) comprising a nephelometer for aerosol scattering
coefficients under dry conditions and another nephelometer for humidified aerosols.
The airflow initially passed through two tandem Nafion dryers which could decrease
the RH of the airflow to less than 30%. After this, the airflow was divided into two
routes, one was directed straight into the nephelometer, while the other was humidified
via a Gore-Tex tube set in a stainless steel tube before flowing into the nephelometer.
The space between these two tubes contained circulating water, which was heated by
two water baths. The scattering coefficients of dry and humidified PM» s were measured
at three wavelengths (450, 525 and 635 nm) using two nephelometers. The detailed
principles and operation of the system has been described in Supplement material (Text
S1). This study set the minimum and maximum RH at 40% and 91%, respectively, with
a 45-minute cycle for humidification.

An integrating nephelometer (Aurora-3000, Ecotech, Australia) was used to
simultaneously and continuously measure the 5-min average os, at the same three
wavelengths, and the osp at 525 nm was appropriate for characterizing the aerosol
scattering coefficient in this study. A Scanning Mobility Particle Sizer (SMPS, model
3938 L50, TSI Inc., USA), integrated with a Differential Mobility Analyzer (DMA,
model 3082, TSI Inc., USA), a butanol-based Condensation Particle Counter (CPC,
model 3750, TSI Inc., USA) and an aerosol neutralizer, were used to continuously
measure the PNSD in the range of 7-300 nm over a 5-minute scanning interval during
the measurement. The hourly chemical composition of aerosol, including sulfate (SO4),
nitrate (NO3), ammonium (NHa), chloride (Chl) and organics (Org), was measured by
a high-resolution Aerodyne Aerosol Chemical Speciation Monitor (Q-ACSM). The
relative ion efficiency (RIE) for SO4, NO3, NHy4, Chl and Org was 0.53, 1.1, 5.49, 1.3
and 1.4, respectively. PMF/ME-2 models were performed to identify OA factors
resolving primary organic aerosol (POA) and secondary organic aerosol (SOA) in this
study. POA 1is the unoxygenated component, and SOA is a more oxygenated organic
aerosol. More detailed descriptions on the PMF analysis are given in Text S2. An AE-
31 aethalometer (Magee Scientific, USA) was used to measure the balck carbon (BC)
aerosol concentrations. Hourly mass concentrations of PM» s and PM; were measured
by a Tapered Element Oscillating Microbalance (TEOM 1405, Thermo Scientific Corp.,
USA). Ambient meteorological parameters, including air temperature (T), RH, wind
speed (WS) and wind direction (WD), were continuously monitored by an ultrasonic
weather station instrument (150WX, Airmar, USA). Gaseous pollutants (carbon oxide,
sulfur dioxide, and nitrogen dioxide) were measured by online Thermo Instruments TEI
481, 491, 431, and 42i (Thermo Scientific Corp., USA).

2.3 Identification and classification of new particle formation

The NPF process involves nucleating and growing. The particles nucleated at a
critical size of approximately 1.5 + 0.4 nm (Kulmala et al., 2012) and then could grow
into larger particles. During the sampling period, a total of 85 days of valid observations
were available for PNSD analysis. The particles were divided into three modes:
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nucleation mode (< 25 nm), Aitken mode (25-100 nm) and accumulation mode (> 100
nm) in this study (Kalkavouras et al., 2021; Shen et al., 2022; Wang et al., 2022). To
identify NPF events, the visual analysis of PNSD data described by Dal Maso et al.
(2005) was used. If a new particle mode is observed in the nucleation mode within a
few hours and the mode shows clear signs of growth, characterized by a distinct
“banana” shape in the time series of PNSD, then the day can be classified as an NPF
event day. With the exception of NPF days, all other days are classified as non-NPF
days or Undefinded days. Non-NPF days are confirmed when there is clearly no
evidence of NPF or when the above criteria are not met. Besides, days that can not fulfil
the criteria to be identified as NPF or non-NPF days were classified as Undefined days,
and they are characterised by the presence of some particles in the nucleation mode
with no visible signs of growth, or by the observation of growth not in the nucleation
mode.
2.4 Data processing

The scattering Angstrom exponent (o) indicates the wavelength dependence of
aerosol scattering, and the parameters related to aerosol size are relatively low for large
particles and relatively high for small particles(Guan et al., 2021). It is expressed as
follows:

_ lOg(Gsp,xl)_log(Gsp,}\z) (1)
log(h1)—-log(rz)

Where, A1=450 nm and A,=635 nm in this study.

The overall hygroscopicity parameter xrm can be obtained from the measured
f(RH). The detailed calculation procedure of this method is shown in Supplement
material (Text S3).

For the calculation of the hygroscopicity parameter x based on the measured
aerosol chemical-composition data, we used the mass concentrations of OA, SO4%,
NOs™, NH4" and CI” provided by ACSM. In this study, a simplified ion pairing scheme
proposed by Gysel et al. (2007) was used to obtain the concentrations of AN, AS, ABS,
and AC by turning mass concentrations of ions into mass concentrations of the
corresponding inorganic salts. The x values and densities of these salts are shown in
Table S1 (Liu et al., 2014; Wu et al., 2016; Kuang et al., 2020). The simple mixing rule,
called Zdanovsky-Stokes-Robinson (ZSR), is commonly used in xeiem calculations,
therefore, the xcrem Of this study can be calculated on the basis of chemical volume
fractions &; (Petters and Kreidenweis, 2007) (see Text S4 for a detailed process).

3 Results and discussion
3.1 Overview of f{RH) and derived aerosol variables observations

The typical levels of light scattering coefficients (osp), ARH) values at RH = 80%
(f(80%)), scattering Angstrdm exponents (), PM2 s mass concentrations, and ambient
RH from February to April 2022 were displayed in Figure S3. To evaluate the aerosol
hygroscopicity conveniently, /{80%) was often employed (Xia et al., 2023; Xia et al.,
2019; Zhao et al., 2019b; Wu et al., 2017). The scattering hygroscopic growth factor
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f(80%) ranged from 1.00 to 2.48, with an average factor of 1.44 + 0.15 during the whole

campaign. The mean concentration of PMa.s was 24.79 = 17.74 ug m>, suggested the
PMb> s pollution was relative low in Xiamen referring to the air quality index (AQI)
grading standard of China (PM2s < 35 pg m™). During the period of observation, the
hourly mean 65, measured under dry conditions varied from 1.15 to 662.57 Mm™!, with
a mean of 135.50 + 108.78 Mm™!, and its maximum occurred at the peak of PMxs
concentrations. The o was usually considered as an indicator of particle size, which was
high when PM2 s level was low, indicating that there were more fine particles existed in
PM; s with low concentration. At the same time, the variation trend of f{80%) was
similar to that of a. Ambient RH fluctuated considerably and was generally at a high
level. The wind direction was more evenly distributed, and the wind speed was
relatively stable, concentrated in 1-3 m/s. The comparison presented in Figure 1 and
Table S2 implied that f{RH) varied widely across different regions, with consistently
higher values observed in Europe compared to China. The differences between f{RH)
in this study and in other regions of China were smaller than those outside of China. In
urban China (Lin’an, Beijing, Guangzhou and Xiamen), f{RH) was generally small
(Zhang et al., 2015; Zhao et al., 2019b; Ren et al., 2021; Li et al., 2021); whereas in
Raoyang, greatly influenced by anthropogenic polluted aerosols, f{RH) raised
significantly (Wu et al., 2017). Urban area in Europe (Granada, Spain) also displayed
similar values of f{RH) (Titos et al., 2014). Nevertheless, the f{RH) of continental
aerosols in Europe (Jungfraujoch, Swiss) obviously surpassed what had been observed
in China (Zieger et al., 2013). In the Arctic (Ny- Alesund, Svalbard) and the shore of
the ocean (Mace Head), f{RH) showed high values due to the sea salt (Zieger et al.,
2010; Zieger et al., 2013). However, Mace Head, which was also exposed to air
pollution from the urban areas, had lower f{RH) than the undisturbed Arctic. Thus, the
large variability of f{RH) across measurement sites was primarily attributed to the
different aerosol sources and chemical composition.
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NPF, Undefined, and non-NPF, respectively. Different colours represent different RH.
The error bars represent the mean = 1.5 standard deviation.

The entire campaign was devided into three type of days, NPF, Undefined, and
non-NPF, based on the above classification method. The PNSD spectrum and number
concentration of the example NPF and non-NPF days from February to April 2022 are
shown in Figure S4 and Text S5. 11 NPF days were identified, representing
approximately 12.94% of all observed days. In addition, we categorized 18 days as non-
NPF days, and the remaining days as Undefinded. The statistical analysis of particle
number concentrations in different days during the observation period was summarized
in Table S3. The mean number concentration of nucleation, aitken and accumulation
mode was 1.66 x 10>+ 1.59x10° cm ™, 3.80 x 10° £ 2.80x10°cm > and 8.59 x 10% + 4.04
x10> cm™ in NPF days, contributing 26.25%, 60.14% and 13.61% to total number
concentration, respectively. The majority of particle number concentrations were
comprised of nucleation and aitken mode particles. Figure 2 explores the variations of
AIRH) with RH growth in different days. Firstly, ARH) emerged an approximately
exponential rise as RH increasing, with a significant growth when the RH ranged from
80% to 90%, the interval of which was the most beneficial to the aerosol scattering
hygroscopic growth (Liu et al., 2013). Moreover, Zhao et al. (2019b) found a prominent
difference in the aerosol hygroscopicity when RH exceeded 90%, with aerosol
hygroscopicity in this humidity range being lower than when RH was below 90%.
These results indicate that particles exhibited different hygroscopicity behaviors under
different RH conditions, which were probably related to the chemical composition,
particle size and morphology of aerosols. Secondly, the characteristics of f{RH) were
distinct among different days, especially between NPF days and non-NPF days (Figure
S5). When RH was below 80%, filRH) was significantly lower during NPF days
compared to non-NPF and Undefined days. The f{RH) growth of NPF days was greater
than those of the other two sorts of days for RH between 80 and 90 %, and vice versa
for RH below 80%. Such a growth pattern caused the f{RH) of the NPF days reaching
a level equivalent to that of the other days as the RH rose to 90%. Moreover, the
fluctuations of f(RH) were larger in the NPF days than in the other two sorts of days,
indicating f{RH) in NPF days had a greater dispersion. These results might be related
to the dramatic increase in particle number concentrations and variations in chemical
composition during the NPF days.

The following discussion will focus on the differences in the aerosol scattering
hygroscopic growth and the aerosol hygroscopicity between NPF and non-NPF. As
Undefined days are in a transitional state, they do not accurately reflect the
characteristics of the NPF.

3.2 Parameterization of the f(RH)
To better characterize the dependence of f{RH) on RH, many different empirical
expressions have been applied in previous studies to fit the measurements of f{RH)
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(Kotchenruther et al., 1999; Kotchenruther and Hobbs, 1998; Gasso et al., 2000; Carrico
et al., 2003; Pan et al., 2009; Zieger et al., 2014; Yu et al., 2018). We fitted four
commonly-used empirical equations to the fRH) values, and compared the results to
find that Eq. (2) (Chen et al., 2014) was the most suitable for describing the enhanced
scattering caused by the monotonic hygroscopic growth (see Figure S6 and Text S6 for
a detailed comparison).

FRH) = a(1 — 2y~0Gep @)

where a is a coefficient that reflects the level of {RH) values, and b is the parameter
for the magnitude of scattering enhancement unaffected by RH that quantifies aerosol
hygroscopicity to some extent. Higher fARH) is related to higher “a” and “b” values.

The fitted fARH) curves between NPF and non-NPF days over the entire
observation period are presented in Figure 3. For these days, Eq.(2) was a difference in
the fitting results, with fitting degrees being better in non-NPF days and relatively
worse in NPF days. This reflects the fact that fRH) on NPF days was influenced by
more complex factors than on non-NPF days, including the source, composition, and
morphology of the aerosols. The fitted ARH) curve shown in Figure 3(a) is apparently
below that shown in Figure 3(b). Similarly, both the observed f{80%) and the simulated
f(80%) in the NPF days were lower compared to those in the non-NPF days. The b was
lower for the NPF days, indicating that the aerosol hygroscopicity of the NPF days was
weaker than those of non-NPF days. In this work, b was lower than that in the study
done by Zhao et al. (2019b), but slightly higher than the findings of Chen et al. (2014)
(Table S4), even though both of their studies were conducted in the North China Plain
(NCP), where PMa2 s concentrations and f(RH) were higher than those in Xiamen. Due
to the proximity of a, a smaller b value resulted in the f{RH) being lower in this study
compared to those in the NCP. It should be noted that the aerosol scattering hygroscopic
growth does not necessarily weaken even in atmospheric environments with light
particle pollution. This also shows that aerosol scattering hygroscopic growth is mainly
controlled by the aerosol properties, such as aerosol chemical composition, etc., which
are strongly related to the particle formation mechanism and the source of fine particles
(Li et al., 2021; Chen et al., 2022a).
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Figure 3. The f(RH) curves fitted by Eq.(2) on NPF and non-NPF days. (a)
belongs to NPF days, (b) belongs to non-NPF days. Red and black lines are the curves
fitted by Eq. (2), and blue dots represent the simulated values of {80%). The light-color
shaded areas show the 95 % prediction bands for the fits.

3.3 Distribution characteristics of f{RH) and aerosol chemical compositions

The mass concentration of the chemical components in NR-PM; (nonrefractory
submicron particles), including SO4, NO3, NH4, Chl and Org, and BC in aerosols were
displayed in Table S5. SOs4, NO3 and NH4 (SNA) constituted the majority of the
inorganic ions, which were converted from gaseous precursors by complex chemical
processes in the atmosphere. Compared with ten years ago, the concentrations of all
SNA in Xiamen have significantly decreased (Deng et al., 2016). The decline ratio in
sulfate concentration reached 84.0%, indicating the effectiveness of sulfate control
measures in recent years. In Xiamen, the main measures to control sulfate include the
application of desulfurization technology in the flue gas of power plants and coal
combustion boilers, as well as the promotion of clean energy for seaships. However, in
contrast to the studies in 2011-2013 and 2017 (Wu et al., 2015a; Wu et al., 2020), the
ratio of nitrate to sulfate had increased in this study, suggesting that nitrate pollution
has become more prominent in recent years. The concentration of Org decreased in
comparison to the previous study, while its proportion in aerosol remained unchanged
(Chen et al., 2022b). Additionally, BC is regarded as hydrophobic species (Zieger et al.,
2014).

The diurnal variation of {80%) and chemical mass fractions are displayed in Figure
4. The diurnal variation of {RH) was significantly related to the mass fraction of
chemical components in particle. NPF days had an obvious lower values of f{80%)
compared with the other event. The mass concentration of PM; in the non-NPF days
(12.00 ug m) was slightly lower than those in the NPF days (12.40 pg m™). The mass
fraction of Org in the aerosol was higher during the NPF period than during the non-
NPF period, and f(80%) in the NPF period was smaller than that in the non-NPF period.
Based on the wind direction and the homology of Org with BC and CO (Figure S7, S8),
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the increasing fraction of Org might be attributed to the emissions from heavy truck in
the major roads near the observation site, which had a weaker impact on the aerosol
hygroscopic growth than the SNA.

The f(80%) showed the same pattern as the mass fraction of SNA, especially for
nitrate, and the amount of nitrate was significantly low during NPF period. The mass
fraction of sulfate was much higher than that of nitrate on NPF days compared to non-
NPF days. The SO concentrations on NPF days were clearly higher than that on non-
NPF days (Figure S9). Moreover, SO> concentrations increased from the morning and
peaked around 15:00 on NPF days, which was consistent with the increasing trend of
partice number concentration on NPF days. The reaction of SO, and OH radicals is
considered as the primary pathway of sulfuric acid generation (Sipild et al., 2010).
Condensation mode reactions could occur due to the large amount of sulfuric acid in
the atmosphere during NPF events. It is hypothesized that condensation mode reactions
occurring simultaneously with NPF events were mainly responsible for the higher mass
fraction of sulfate during NPF days observed at our site (Yue et al., 2010). Noted that
the lower f{80%) in NPF period was probably attributed to the low mass fraction of
nitrate and high mass fraction of sulfate in SNA. Chen et al. (2022a) reported that
aerosol hygroscopic growth in Shanghai and Guangzhou during NPF days were lower
than those during non-NPF days, which were consistent with the results of this study,
but the opposite pattern occurred in the NCP. This illuminates that aerosols had a lower
hygroscopicity during the NPF event in Xiamen. The study by Liu et al. (2021) also
found that the hygroscopicity of 40 nm organic aerosol (OA) was significantly
enhanced during NPF days in urban Beijing, which could be derived from different
precursors and accounted for the formation of OA during the NPF process. On the basis
of aerosol chemical compositions during NPF, it could be speculated that when particle
formation occurs in NPF days, the condensation of large quantities of sulfuric acid and
organic vapours onto the pre-existing particles results in the conversion of mixed state
on the surface of particles from external mixture to internal mixture. These processes
alter the optical and chemical properties of particles, which in turn might change the
aerosol scattering hygroscopicity growth.(Wu et al., 2016)

The sulfur/nitrogen oxidation ratios (SOR/NOR) used to assess the extent of
secondary sulphate and nitrate formation are shown in Figure 5, which were calculated
from the formulas of NOR=[NOs]/([NO3]+[NOz]) and SOR=[SO4]/([SO4]+[SOz)),
respectively (Liu et al., 2020b). The levels of SOR and NOR were subjected to the
regulation by photochemical reactions, exhibiting an increase during daytime.
Moreover, the variations in SOR/NOR levels and f{80%) across NPF days were found
to be coincident, as SOR/NOR levels droped down, particularly for NOR, f{80%) also
displayed a low level. We assume that nitrate was essential for aerosol scattering and
hygroscopic growth. This assumption was confirmed by comparing Figure 4(a) (c) with
Figure 5(a), which show a significant decline in f{RH) when both nitrate content and
NOR were low, especially during NPF days. The sharp rise in NOR in the afternoon
during the NPF days resulted in an significant increase in the relative amount of nitrate
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in the aerosol and f(80%), indicating the rapid response of the aerosol hygroscopic
growth to nitrate, which can be interpreted as a stronger hygroscopicity of nitrate
compared to sulfate. In non-NPF days, SOR and NOR were enhanced compared to NPF
days, which might be resulted from the aqueous phase reaction at relatively high RH
(Sun et al., 2013; Ge et al., 2012). In non-NPF days with high RH and f{RH), water
vapour condensed on the particles and aerosol hygroscopic growth occurred (Martin,
2000). The increase in aerosol liquid water content (ALWC) on the surface of particles
is crucial for heterogeneous reactions in the atmosphere (Mogili et al., 2006). The
heterogeneous hydrolysis of N>Os (Pathak et al., 2009; Brown et al., 2005) and the
aqueous-phase oxidation of SO, (Seinfeld et al., 1998; Sun et al., 2013) are important
pathways for nitrate and sulfate formation, respectively. In other words, aqueous-phase
reactions contribute to the production of secondary aerosol (Ge et al., 2012; Xu et al.,
2017a). Thus, the elevation of RH during non-NPF days might promote the
transformation of NO; and SO: to nitrate and sulfate via aqueous-phase reactions,
manifesting as the enhancement of NOR and SOR.

In brief, the influence of SNA on f{RH), particularly nitrate, is significant. Sulfate
dominated the SNA during the NPF days, characterized by weaker aerosol hygroscopic
growth compared to non-NPF days, indicating the remarkably different bulk aerosol
compositions and condensation mode of aerosol formation mechanisms between NPF
and non-NPF days.
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Figure 4. Diurnal variations of f{80%) and aerosol chemical mass fractions on
NPF and non-NPF days. (a) and (c) belong to NPF days, (b) and (d) non-NPF days.
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concentrations of PM1, dashed lines are the mean value of /{80%).

0.60 R o o 75
’ @NPF| = -~ __ - (b) Non-NPF| ~
0.55- [ 70 0-55 g - +70
0.50 0.50 : = IS i
0.451 165 045 ‘ S [65
0.40 ] H60 0.40] [ | ‘ L 60
& . | 1 :
2035 __--~_ 1 T~ |55 0359 ) L
[77] N | - T | i | =
= 030 % - 7 030, | [, i ol O [0 3 z
Soas] | ' ’ [Tr%0 02s & TT H ] (e
z - AL Tr] (AN (T 9357e 2 L ‘ 81 »
020{s.| | 4 Y2 I o0ed | [ Toras 0204 TR /P /N Lo /T 2ed [\| | ag/lt45
015 ]I NI 124 [ TY \ | oas[+[{T| 1Y T m:A,j“nl 2 2ad
oodlt] 1Y 1Pk 1 ‘ { ‘};ﬁ 1 0n0]l | L1 i 4
AV W | | : 1 % F++1 1 ‘*\% A0 ‘ T | L+
g . H.1+1 L35 s [1IITt3s
o.os-AThﬂ!«.,.‘fH > 0.05 | 238 h SUERER
0.00 —m7———F—————————————=30 0.00 -t—————————————— 30
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
Local time of day (hour) Local time of day (hour)

Figure 5. Diurnal variations of NOR, SOR and RH on NPF and non-NPF days.
(a) belongs to NPF days, (b) belongs to non-NPF days. Blue represents NOR, green
represents SOR, dashed lines are RH.

3.4 Relationships between f{RH) and aerosol chemical compositions

Figure 6 and Figure 7 exhibits f{80%) as a function of the mass fractions of SNA
and Org between NPF and non-NPF days, revealing the effect of chemical compositions
on the aerosol scattering hygroscopic growth. The SNA fraction showed a positive
correlation with f{80%) as a result of its high hygroscopicity, whereas the Org fraction
demonstrated a negative correlation with f{80%) due to its relative lower hygroscopicity
compared to SNA, in line with findings from previous studies (Zhang et al., 2015; Wu
et al., 2017; Ren et al., 2021; Zieger et al., 2014). The magnitude of R for the linear
regression was higher during the NPF period compared to the non-NPF period,
illuminating a stronger correlation between f(80%) and the mass fraction of SNA or Org
specifically during NPF days. The proportion of aerosol chemical compositions
remained relatively stable during the non-NPF days, which could be accounted for the
limited correlation between f(80%) and their mass fractions during this period.
Comparing Figure 6(a), 6(b) with Figure 7(a), 7(b), there was a stronger relationship
between mass fraction of sulfate and f{(80%) in NPF days. Conversely, a stronger
association of f{80%) with nitrate was observed in non-NPF days. This indicated that
sulfate had an important influence on the aerosol hygroscopicity enhancement during
NPF period, while nitrate was the primary contributor for non-NPF days. This
phenomenon could be explained by that the mass fraction of sulfate in the SNA was
highest when the NPF event occurred, yet the differences between the mass fractions
of sulfate and nitrate were slight in non-NPF days. The role of nitrate in the aerosol
hygroscopic properties will be discussed in the following paragraphs.
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Figure 6. The aerosol scattering hygroscopic growth factor f(80%) as a
function of SNA and Org mass fraction colored by the nitrate mass fraction. (a)
and (b) belong to NPF days; (c) and (d) belong to non-NPF days. The linear regression
function and Pearson's correlation coefficient (R) are given in each panel. The dark-
color shaded areas denote 95 % confidence levels, and the light-color shaded areas
show the 95 % prediction bands for the fits.
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Figure 7. The aerosol scattering hygroscopic growth factor f(80%) as a
function of SNA and Org mass fraction colored by the sulfate mass fraction. (a)
and (b) belong to NPF days; (c¢) and (d) belong to non-NPF days. The linear regression
function and Pearson's correlation coefficient (R) are given in each panel. The dark-
color shaded areas denote 95 % confidence levels, and the light-color shaded areas
show the 95 % prediction bands for the fits.

As mentioned above, the aerosol hygroscopic growth was significantly influenced
by the proportion of SNA and Org in aerosols. The fitting parameter y, which depends
on the aerosol hygroscopicity, is defined as y = Inf(RH)/In((100/RHer)/(100-RH))
(Quinn et al., 2005; Zhang et al., 2015). Here y was based on RHer = 40 % and RH =
80 %. v can be employed to characterize the relationship between aerosol hygroscopic
growth and SNA. The relative quantity of Org and inorganic matters can be expressed
as Fo = Org/(Org + C;), where C; is the mass concentration of SNA. We chose NOs3, SO4
and NO3z + SO4 as different SNA constitute in this study, respectively. ¥ and F, were
negatively correlated for all scatter plots, and linear regressions of y versus F, were
fitted (Figure 8). y and Fo= Org/(Org + NOs3) (abbreviated as Fo+n, Figure 8a, d) were
more strongly correlated than y and Fo= Org/(Org + SO4) (abbreviated as Fo+s, Figure
8b, e). Additionally, the correlation between y and Fo= Org/(Org + NO; + SOs)
(abbreviated as Fo+n+s, Figure 8c, f) was observed to be smaller than that of the
correlation between y and Fo+«n. This is yet more evidence that NO;3; played more
important role than SO4 in determining the aerosol hygroscopicity in Xiamen, contrary
to the conclusion of Quinn et al. (2005), Malm et al. (2005) and Yan et al. (2009). This
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findings also underscored the substantial impact of nitrate on aerosol properties,
aligning with recent research conducted in various regions of China (Zhang et al., 2015;
Sun et al., 2020; Liao et al., 2020; Jin et al., 2022).

Over the recent decades, the Chinese government has attached great importance to

and subsequent f(RH) determinations.

the air pollution control, and the prominent results have been achieved in reducing SO-
emissions (Zhang et al., 2019; Zheng et al., 2018). As the concentration of SO-
decreases, there might be an increasing trend for NH3 to combine with NO3™ to form
NH4NO:s3, thereby enhancing the role of nitrate in atmospheric processes. The relative
low value of f{80%) for NPF days can be explained by the fact that the organic and
inorganic aerosol fractions were distinct, with sulfate being the predominant component
of the inorganic aerosol during this period. During NPF days, there was a stronger
correlation between y and Fo+s, while the correlation of y and Fo+s was extremely weak
in non-NPF days, which could be related to the role of sulfuric acid in atmospheric
nucleation in NPF days. Li et al. (2021) proposed the parameterization of y according
to its linear relationship beween F and TC, and the R?> was 0.92, where, F was
determined as the mass ratio of F= TC/(TC+ NOs™ + SO4*+ NH4"). However, the
correlation between y and Fo+n+s in this study was lower than that reported by Li et al.
(2021). As the comparison with these parameterizations suggested, the comprehensive
chemical composition information was likely in favor of accurate y parameterizations

Overall, SNA are more effective in promoting aerosol hygroscopic growth than that

0.6

of Org, with nitrate having the strongest impact.
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Figure 8. Scatter plots of y versus the relative amount of Org and inorganics
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(Fo). (a, d) Fo= Org/(Org+ NO3), (b, ) Fo= Org/(Org + SO4), and (c, f) Fo= Org/(Org+
NOs + SO4). (a), (b) and (c) belong to NPF event; (d), () and (f) belong to non-NPF
event. Solid lines represent the linear fit. The dark-color shaded areas denote 95 %
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confidence levels, and the light-color shaded areas show the 95 % prediction bands for
the fits.

3.5 Aerosol hygroscopicity—chemical composition closure

The hygroscopicity parameter x serves as a highly effective parameter for
investigating aerosol hygroscopicity and can be assessed using the humidified
nephelometer systems for aerosol light scattering hygroscopic growth factors. The xprm),
obtained from the measured aerosol scattering hygroscopic growth factor, is a function
of the overall hygroscopicity of aerosol particles (Chen et al., 2014; Kuang et al., 2017,
Kuang et al., 2020) and widely used to explain the influence of aerosol hygroscopic
growth on aerosol optical properties (Tao et al., 2014; Kuang et al., 2015; Brock et al.,
2016). Moreover, x can be estimated based on the mass concentration and chemical
composition of particles, commonly known as xchem. According to Kuang et al. (2020),
KfrH) accurately represents xchem and can therefore be used for the aerosol
hygroscopicity-chemistry composition closure, which was used to investigate the effect
of aerosol chemical composition on the overall aerosol hygroscopicity in this study. The
average Kqru) from 60% to 90% was used as a proxy for hygroscopicity closure.

Figure 9 shows the contribution of chemical composition to x4rm), calculated as the
product of x and its volume fraction for each aerosol chemical composition. During the
observation period, the inorganic salts, especially SNA, played a major role in the
aerosol hygroscopicity, while some previous studies found that low water-soluble
compounds, most likely secondary organic species, predominantly promote new
particle formation and have an effect on aerosol hygroscopicity and their cloud
condensation nuclei (CCN) activity (Levin et al., 2012; Wu et al., 2015b; Vikevi et al.,
2002). For aerosol hygroscopicity during NPF days, NH4HSO4 (ABS) was the most
dominant contributor followed by NH4NO3 (AN). Although (NH4)2SO4 (AS) ranked
third place to aerosol hygroscopicity in NPF, it was still higher than its contributions to
non-NPF days, which was consistent with the mentioned above that sulfate was the
main factor influencing the aerosol scattering hygroscopicity growth during NPF period.
The contribution of AN to aerosol hygroscopicity was predominant during non-NPF
days, while the contribution of AS and ABS decreased substantially compared to those
during NPF. The facilitation of organic aerosol (OA) to the aerosol hygroscopicity
fluctuated considerably due to variations of OA composition under different events. The
26.57% of xqrn attributed to OA in NPF was lower than that in non-NPF days. This
phenomenon was probably associated with the variety of OA components, for instance,
secondary organic aerosols (SOAs) exhibiting limited hygroscopicity(Wang et al.,
2024). Furthermore, during non-NPF days, despite the increased contribution of OA to
karu), fIRH) was higher than that of NPF days, which might be related to the increase
in the overall aerosol hygroscopicity during this period and the change in physical
properties of particles during these days (Wu et al., 2016).
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Figure 9. Contribution of aerosol chemical composition to xsri on NPF and
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Due to the uncertainty in the hygroscopicity of OA, we investigated the
characteristics of the hygroscopicity parameter xoa for organic aerosol, as well as the
relationship between xoa and the oxidative properties of OA (Figure 10). Non-NPF
days had the highest value of ko4, and NPF days had the lowest. The xoa values were
greater than those of the previous study in China (Wu et al., 2016; Kuang et al., 2020;
Kuang et al., 2021), but similar to the findings of Chang et al. (2010) at rural site in
Ontario, Canada (Table 1). The proportion of POA and SOA in OA in our study (Figure
S11) showed higher SOA mass fractions on non-NPF days than on NPF days. It is
evident that high SOA mass fractions on non-NPF days corresponded to high xoa values.
The results from these previous studies (Wu et al., 2016; Kuang et al., 2020; Kuang et
al., 2021; Chang et al., 2010) also highlighted that SOA and oxygenated organic
aerosols, were likely to be the determinants of xkoa. Furthermore, SOA dominated OA
mass both in this study and previous studies; however, xoa values differed much across
studies. Noted that the hygroscopicity of SOA might vary significantly under different
emission and atmospheric conditions due to variations in VOC precursors and SOA
formation pathways (Kuang et al., 2021). The discrepantance in koa suggests that using
a constant xoa value to calculate x might lead to a large bias.

Table 1. Comparisons of the average ko4 in different study.

Study area Periods Remarks Mean xo4 Reference
Wau et al.
Beijing, China Summer, 2014 urban 0.06 (;1061 6{;
Dingxing, 2018/11/11- Kuang et al.
1 .08 +0.
China 12/24 rura 0.08 £0.06 (2020)
K t al.
Heshan, China  2018/9/30-11/17 rural 0.085 +0.05 uért)gzi)a
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Ontario, ) Chang et al.

S 2007 1 0.22+0.04
Canada Pros, rura (2010)
0.13+0.11
NPF

Xiamen, China 2022/2-4 urban ( ) This study
0.19+£0.21
(non-NPF)

To further investigate the factors affecting xoa, we compared the effect of OA
oxidation level on xoa, where, f44 was used to represent the level of OA oxidation
(Kuang et al., 2020; Chen et al., 2017). The values of fis in the component mass
spectrometry were ratio of m/z 44 to total signals, reflecting the absolute oxidation
degree of aerosols (Chen et al., 2022b). The results showed a slightly weak correlation
between xoa and the oxidation level of OA, indicating that the degree of oxidation was
one of significant parameters in determining the hygroscopicity of OA. For both NPF
days and non-NPF days, the hygroscopicity of OA enhanced with its oxidation level.
Most of the previous studies on xoa had shown that the hygroscopicity of OA usually
increased with the uplift of oxidation degree of OA, which was also found in this study.
Nevertheless, a more pronounced increase in koa with elevated f44 was observed in non-
NPF days, attributing to the OA components, formation mechanisms, and the species
of VOCs among diffenent events, which can also be accounted by the fact that less
hygroscopic OA is produced during the NPF process in Xiamen, contrasted with the
finding of Liu et al. (2021). Thereby, it could be found that alterations in the component
and oxidation of OA might regulate the variation in koa (Timonen et al., 2013; Xu et al.,
2014; Xu et al., 2017b). In addition, the koa values in NPF and non-NPF days were
lower than those in the studies of Chen et al. (2017), Liu et al. (2021) and Kuang et al.
(2020). These results reflect that the use of parameters related to oxidative properties,
such as fis or the ratio of O and C alone is not sufficient to characterize the
hygroscopicity of OA, and that the molecular information of OA and the special
formation mechanisms should also be considered (Liu et al., 2021). However, OA
components is still one of the main driving force of the variation in aerosol
hygroscopicity.
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Figure 10. The derived xo4 and fi1 on NPF and non-NPF days. (a) Variation of
xoa between NPF and non-NPF days. (b) The relationship between derived xoa and fas.

4 Conclusions

In this study, the aerosol scattering hygroscopic growth during the new particle
formation in Xiamen, the coastal city of southeast China, was clearly depicted by in
situ observations. The distinct aerosol hygroscopic behaviors were evident during NPF
events in the urban environment characterized by the elevated ambient temperatures,
high levels of relative humidity, and low pollution. The aerosol scattering hygroscopic
growth of NPF days was weaker than those of non-NPF days. However, under high RH
conditions (80% to 90%), the f{IRH) growth of NPF days exceeded that of non-NPF
days. Furthermore, it was determined that one of the two-parameter fitting equations
was more adept at accurately representing the observed f(RH).

The notable variations in f{RH) between NPF and non-NPF days were impacted by
changes in SNA and Org of aerosols. SNA had a more important effect on f{RH) and a
higher efficacy in enhancing aerosol hygroscopic growth than that of Org, with nitrate
exhibiting the most pronounced impact. Sulfate was highlighted as the dominance in
SNA during NPF days, with weaker f{RH) compared to non-NPF days. It is likely that
the condensation mode reactions occurring simultaneously with NPF events changed
the aerosol chemical composition and had an obvious effect on f{RH). The contribution
of SNA to aerosol hygroscopicity surpassed that of Org, with ABS and AN dominating
in NPF days and non-NPF days respectively, revealed by the aerosol hygroscopicity—
chemical composition closure. The estimated xo4 exhibited a decrease in NPF days
compared to non-NPF days, and it showed an increase corresponding to the level of OA
oxidation in both two types of days. The uncertainty in OA hygroscopicity resulted from
variations in its components and oxidation states, however it was believed to be an
important driver of the alteration in aerosol hygroscopicity. The findings in this study
may provide a better explanation of aerosol hygroscopicity properties in the coastal city,
which could also offer valuable insights into the use of hygroscopic growth factors in
the models of air quality and climate change.
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